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March 14, 1951

- Dr. Douglas H, Ewing

Director of Development

Air Navigation Development Board, A-9
Civil Aeronautics Administration
Washington 25, D. C.

Dear Dr. Ewing:

The attached report, entitled Human Engineering for an Effective
Air-Navigation and Traffic-Control System, is submitted by the Committee
on Aviation Psychology in fulfillment of the obligation undertaken under
Contract Cca-28483 between the National Academy of Sciences and the
Civil Aeronautics Administration,

As indicated in the Editorial Foreword and elsewhere, the report
and the long-range research plan embodied therein are not the work of a
single investigator. They are the outcome of joint effort on the part of psy-
chologists, engineers and others who, under the direction of Dr. Paul M.
Fitts, The Ohio State University, combined their scientific and technical
resources in reviewing past research, in analyzing the human problems in
air navigation and traffic control, and in formulating recommendations with
respect to research needs.

The report represents a pioneering effort in the way of formulat-
ing a long-range integrated plan for human engineering research to parallel
and support long range planning for equipment and systems design. It is
presented by the Committee on Aviation Psychology with the recommenda-
tion that steps be taken by ANDB towards the implementation of the pro-
posed research program under conditionrs which will provide the closest
collaboration among all scientific and technical personnel concerned with
the development of an optimal air-navigation and traffic-control system.

Sincerely yours,

Mo LS

Morris S. Viteles, Chairman
Committee on Aviation Psychology
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According to the author of an early 19th century
text book in applied mechanics;-

''We have been very much occupied in perfect-
ing the machines and the tools which the worker
uses in the economic arts. We have hardly
attempted to improve the worker himself. How-
ever, if he were only considered as an instrument,
a tool, a motor, he would necessarily be placed
in the first rank of all instruments, all mechanical
agents, since he has the immeasurable advantage
of being an instrument who observes and corrects
himself, a self-stopping motor which functions
with the motivation of its own intelligence and
which perfects itself by thinking not less than by
work itself,’’1

In a broad sense, the viewpoint outlined above
has been dominant in the application of psychology to
the work-situation during the major portion of the 20th
century, In the main, the objective has been to im-
prove efficiency and safety by selecting, training and
otherwise conditioning human beings for adaptation to
existing equipment and working conditions. Particu-
larly in the design and operation of machines and
tools, the emphasis has been upon the adjustment of
man to mechanical equipment, rather than upon the
adaptation of the machines and tools to compensate
for the physical and mental limitations of man as a
working instrument.

During the past decade, primarily in response to
military requirements, there has been growing with-
drawal from this classical psychological viewpoint,
and ever-increasing acceptance of the principle that
“*machines should be made for men; not men forcibly
adapted to machines.”’ This basic principle of ‘*human
engineering’’ is not new, particularly to industrial
psychologists, although it has been conmsistently
neglected, largely because engineers concerned with
the development of the machine and scientists con-
cerned with the individual who is to operate the
machine have worked in almost complete insulation
from one another, The resulting disregard of
physiological and sensory handicaps; of fundamental
principles of perception; of basic patterns of motor
coordination; of human limitations in the integration
of complex responses, etc. has at times led to the
production of mechanical monstrosities which tax the
capabilities of human operators and hinder the
integration of man and machine into a system designed
for most effective accomplishment of designated
tasks.

1. Dupin, Cours de Geometrie et de Mecanique
Appliquee, cited from L. Walther, La Techno-
psychologie du Travail Industriel, Paris, 1926,
p. 13,

The ateached report concerns itself with the
application of the principles and techniques of human
engineering to the improvement of the air-navigation
and traffic-control system. Its ultimate objective is
to being about rapprochement between d sign engineers
and ""human engineers’’ with the view of furthering
the development of a man-machine system which will
yield optimal results in the way of efficiency and
safety in the movement of planes over the airways.
The teport is unique in a number of ways. Instead of
dealing with over-all problems of machine and system
design, attention is centered on thcse problems which
are specifically pertinent to air navigation and traffic
control. Furthermore, the viewpoint and conclusions
embodied in the report reflect the mature and en-
lightened judgment of a large group of psychologists
experienced in the field of human engineering who
coliaborated in its preparation, and the critical
reflection of an even larger group of psychologists,
engineers and others who reviewed preliminary
versions of the report. Of particular significance is
the fact that the report presents a long-range program
of psychological research, to parallel the program of
equipment and system development, which will permit
an orderly and integrated solution of the human prob-
lems in the design of an optimal air-navigation and
traffic-control system.

Although considerable talent and skill have gone
into the preparation of the report, it is nevertheless
not anticipated that there will be complete agreement
with the conclusions reached from the survey of past
research and experience. So, for example, questions
may be raised concerning the viewpoint that men are
extremely poor monitors of machines, and that emphasis
might well be placed on the development of systems
in which the essential responsibility for monitoring
would be placed upon machines. However, the very
fact that the issue is raised is, in itself, of im-
portance, particularly since research procedures are
available by means of which this basic question can
be settled, leading to the establishment of fundamental
principles concerning the respective roles of machines
and men as monitors on factusl grounds.

This &nd other problems are considered in the
report. In fact, among the significant features of
the report is a listing of areas requiring investi-
gation in a systematic program of human engineering
research, and of illustrative specific problems within
each of these areas. In the preparation of the report,
consideration was given to the possibility of es-
tablishing firm priorities with respect to both areas
of research and to specific problems and hypotheses
to be examined within each area, An informal survey
of opinions of ten individuals who were involved in
the preparation and review of the report suggeses that
principles governing the efficient visual display of



information; essential information required in an air-
navigation and traffic control-system; capacities for
handling information in communication systems and
maximum application of existing human engineering
information represents areas which have high over-all
priority ratings, in which a high level of research
effort is needed, and which present the likelihood of
important results and applicacions. On the other
hand, optimum conditions for the use of direct vision
is an area given a low over-sll priority rating in terms
of the initiation of research recommended in the body
of the report. However, in spite of such ratings,
there are diversities of opinion, and it appears to be
the general view of those involved in the preparation
of the report that the question of priority is one which
can be settled only on the basis of detailed con-
sideration of the immediate plans of ANDB; of
available funds; of expenditures involved in projects
of various types, and of similar items,

Comments prepared by a number of readers have
focussed attention on the importance of the criterion
problem. Safety and efficiency are described as the
basic requirements of an acceptable air navigation
and traffic coatrol system. This means that the
effectiveness of every link in the man-machine systems
and the system as a whole must be evaluated to deter-
mine what it contributes to the satisfaction of these
and, possibly, of other requirements. This, in turn,
involves a consideration of the criterion sitaation, in
terms of techaiques available for the reliable and
valid measurement of performance and of methodolo-
gical problems involved in the development of new
and more adequate criteria. In many ways, the prob-
lem of arriving at adequate criteria is at the core of
the application of human engineering research
techniques to the design and operation of an optimal
air-navigation and traffic-con:rol system. This problem
is referred to throughout the report, and also in an
Appendix, but the area is one which requires even
more extended consideration as a preliminary to the
design and initiation of s .cific studies within the
long-range program of human engineering research
described in the report,

The report, and the recommendations embodied
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therein are written from the viewpoint of human
engineering, which is concerned primarily with the
formulation of plans governing the design of machines
for efficient human use, and with the effective
integration of men and machines for the . accomplishment
of an over-all task, It seems well to note, however,
as suggested by one reviewer of the report (T.
Gordon), that ‘‘unlike machines, tne output of the
human is not always simply a function of input, the
human system is affected by many factors other than
the quality and quantity of informational data received
through his senses. Human engineering, if it is to
escape the dilemma of the old time and motion study
engineering, must guard against exclusive use of the
‘machine’ model in its theory of human behavior.*
In other words, even the most effective program of
humaa engineering does not eliminate the need for
continued research on the selection and training of
air navigation and traffic control personnel; on prob-
lems of morale and motivation; on the development of
improved supervisoty techniques; on the elimination
of excessive fatigue and monotony, and on other
human problems which arise in the work situation.
It seems extremely probable that great gains in the
efficiency of an air navigation and traffic coatrol
system can be secured through continued research on
such problems, and planning in this direction must
alsc. be considered as part of an over-all program for
the maximum utilization of human resources in the air
navigation and ctraffic control situation,

Inherent throughout the report is a plea as well
as a plan for active cooperation between engineers
who design machines and scientists who study human
behavior. This report will not have served its major
purpose if it results merely in more or even better
planned psychological research. Its purpose will be
completely accomplished oaly if the research under-
taken is conducted at the inter-disciplinary level, so
that che ideas and experiences, the talents and insights
of engineers, psychologists, applied mathematicians
and other scientists; of pilots and controllers; etc,
can simultaneously be focussed upon the development
of improved equipment and man-machine systems
optimally designed for efficient and safe air navi-
gation and traffic control,

M. S. Viteles, Chairman
Committee on Aviation Psychology



PREFACE

The project that has led to the present report was first discussed in December, 1949, by
Dr. Morcris S. Viteles, Chairman of the NRC Committee on Aviation Psychology, Dr. Dean R.
Brimhall, Assistant for Research to the CAA Administrator, and the Editor. Plans for the project
were formulated in greater dewmil during the following six months at NRC Committee meetings and
at conferences of the Editor with the Air Navigation Development Board and other agencies. Full-
scale work began in June, 1950, under a contract betwe«: he National Research Council and the
Ohio State University Research Foundation, with funds provided by the Air Navigation Develop-
ment Board,

The report has been prepared primarily by a working group of ten psychologists, who are
listed as joint authors. Each of these men is actively engaged in research in some area of
aviation psychology and/or human engineering, They represent six private and two Government
laboratories, and between them combine experience in all of the areas covered by the report.

The working group met at intervals during the summer of 1950, to study the long-range plans
of the ANDB, and to familiarize themselves with operational problems, and with current research
and development activities in air navigation and craffic control. In addicion, individual members
of the group visited various manufacturers, operational facilities, Government and private
agencies, and conferred with members of various committees and professional societies, Late in
August the group met for ten days of intensive planning and writing. The first draft of the report
was written during this period.

Some degree of speciaiization and allocation of responsibility was necessary in collecting
background information and in writing the different sections of the present report. However, the
report is truly a group effort. The authors neither desire, nor believe that it is possible,to
assign credit for individual chapters to particular individuals,

The report has undergone three major revisions since the first draft was prepared. The first
revision included detailed changes recommended by the members of the working group. Subse-
quent revisions were made or the basis of suggestions of invited critics, a group that included
psychologists, biological and physical scientists, and other specialists, in universities, Govem-
ment agencies, and private organizations. Several of these critics made significant original
contributions to various sections of the report. Their criticisms were extremely helpful in many
respects, and have added much to the report.

The several drafts of the report were also reviewed by the members of the Committee on
Aviations Psychology. The final form of the report, especially the recommended research
program, benefitted greatly from the discussions at committee meetings. The editor also received
valuable suggestions from the Committee as to qualified individuals who might be invited to
serve as members of the working group and as expert critics.

In summary, the repore represents the considered judgments of ten specialists in various
areas of psychological tresearch, plus the suggestions and criticisms of over tweaty-five other
experts in various fields of aviation, engineering, and research. Whatever beneficial infiucnce
the report may exert on future research will result largely from the fact that so many people of
diversified competencies have contributed to its preparation.

Columbus, Ohio Paul M. Fitts
March 14, 1951 Editor
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- SUMMARY

A. THE PURPOSE AND CONTENT OF THIS
REPORT :

In this report we submit proposals for a long-
range program of human-engineering research on prob-
lems met in planning and designing equipment for an
air-navigation and traffic-control system.

Content. We begin with a brief analysis of the
essential functions of the air-traffic control problem.
We then consider the basic question: Which of these
functions should be performed by human operators and
which by machine elements? Next we systematically
review the status of knowledge concerning major areas
of human capabilities as they relate to air traffic
control. We end with a discussion of the application
of research findings.

For the convenience of the reader the recommend-
ed research program is reproduced in a self-contained
section which follows this summary,

Human-engineering research, as treated in this
report, aims to determine man's ability to rereive and
transmit information, to make and execute dccisions.
It also aims to provide principles governing the design
of tasks and machines in relation to man's capabilities,
and to insure an efficient integration of men and
machines for the accomplishment of an overall task.

For Whom Written, The report has been written
primarily for (1) the Air Navigation Development
Board, (2) professional psychologists, and (3) engi-
neers and other professional people in the Civil
Aeronautics Administration, the milicary services, the
airlines, and industry. For these three groups, re-
spectively, it is intended (1) as a guide to research
planning and budgeting, (2) as a survey of practical
ond theoretical psychological problems, and (3) as an
overall view of the scope, methods, and applications
of research on the humdn factor in the design of an
air-navigation and traffic-control system,

B. SOME BASIC PROBLEMS AND
ASSUMPTIONS

Effective long-range planning must not be bounded
by the problems of particular equipments and proced-
ures in use today. At the risk of over-simplification, we
have reduced the air-traffic-control problem to two
basic requirements: sofety and efficiency.

Opportunities for Exercising Control. Flights can
be regulated by means of (1) take-off control, (2) en-
route control, and (3) terminal-area control. The three

methods have different potentialities, which are Jis-
cussed in Chapter II. It is our conclusion that the
greatest gains in safecy and efficiency will be made in
the next decade by solving the problems of terminal-
area control.

Some Basic Initial Problems. It is possible to
devise a fully automatic control system, with man
serving chiefly as a monitor, or a system that will
place primary responsibility in the hands of human
operators, who would be assisted by effective
data-analysis, data~transmission, and data-display
equipment. To help in forecasting the most profitable
direction in which overall planning should proceed,
we have tried to provide, in Chapter III, some general
answers about what men can do better than machines,
and what machines can do better than men.

Men Versus Machines. It is our conclusion that
humans appear to surpass present-day machines in
respect to six abilities which are denoted as (1)
detection, (2) perception, (3) improvisation, (4) long-
term storage, (5) induction, and (6) memory. In like
vein we conclude that present-day machines appear to
surpass humans in respect to the following: (1) speed,
(2) power, (3) routinization, (4) short-term storage,
(5) deduction, and (6) performance of simultaneous
operatioans,

Monitoring. We suggest that great caution be
exercised in assumming that men can successfully
monitor complex automatic machines and take over if
the machines break down. Engineers should seriously
consider systems in which machines would monitor
men and prevent them from maling dangerous mistakes.

Overloading. Both men and machines are likely
to break down or become unstable if overloaded. How-
ever, in some ways humans may do a better job than
machines under cverload or stress conditions arising
on tiie jol--at least they may supplement machines in
this re;ard, especially in situations where flexibility
is an asset.

Flexibility. One of the greatest advantages of
including human elements in a system is increased
flexibility. For exumple, a proficient and well-trained
human operator usually can adapt readily to the in-
troduction of new equipment, to the sudden failure of
equipment, or to the occurence of a unique and unfore-
seen problem.



C. A BASIC ANALYSIS OF THE HUMAN
OPERATOR AS_ PART OF A COMMUNI-
CATION SYSTEM.

Decision making, or choosing a course of action,
lies at the root of the whole control problem. De-
cisions, in turn, depend on what information is
available and how well it is assimilated. In Chapter
IV we consider the information-handling capacities of
the humen operator, using concepts borrowed from
modern communication theory, Research stimulated
by this new orientation will, we feel sure, provide
immensely useful results.

The Rate of Flow of Information. The flow of
information to and from the human operators in a
system depends on the way messages are encoded--
the form which the information takes, the sensory
channel through which it is received, the ratio of
potential to needed information, and organization of
the information, '

We are certain that human operators will perform
most efficiently only if the rate of flow of information
falls within definite limits, but at the present time we
can only make general estimate of what these limits
are,

Perturbation and Redundancy. We must also con-
sider perturbation--disturbances in the flow of
information--and redundancy. For example, there is
reason to believe that the exact repetition of a visual
or auditory message is one of the least satisfactory
ways of insuring its correct reception by a human
operstor, In short, redundancy should be achieved by
repeating a message in a different way.

D. VISUAL INFORMATION DISPLAYS

We have used the term visval displays to include
all those devices that exhibit information to the eyes.
Chapter V is devoted to research problems relating to
the design of such devices. The space which we de-
vote to this topic is a direct indication of the weight
we attach to it,

Pictorial and Symbolic Displays. Pictorial dis-
plays are easy to interpret and are especially adapted
to the poctrayal of relational information. On the other
hand, theylack the accuracy of symbolic displays
which are especially suited to the presentation of the
discrete or single-item type of information. Still
inadequately understood, however, are the general
rules governing the many uses of these two kinds of
displays and combination types. Enough work has
alrendy beep done, however, to indicate that improve-
ments in speed and accuracy of interpretation ranging
from 100 to 1000 per cent are possible as a result of
human-engineering research,

Displays for Transitory Data. One of the prob-
lems of displaying ever-changing, transitory
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information is the quesuon of simplicity vs. complexity,
We believe that there is an optimum amount of infore
mation that should be included in any one display, but
the rules for achieving this optimum are not well
understood.

A problem of special importance is the best way
to display the position and movement of objects in
three-dimensional space. Especially significant in
this connection are recent findings which show clearly
that novices can interpret the artificial horizon and
ILAS indicators faster and with fewer errors if the
motions are exactly reversed from those employed in
present-day instruments,

Displays for Status Information. Displays of
status information include maps, charts, and printed
messages. Our inquiries show wide dissatisfaction
with present weather maps. Pilots have difficulty in
sorting out information they want from irrelevant data.
They forget much of the information they need. They
have difficulty understanding the symbols in which
standard messages are coded.

Special Ground and Air Display Problems. Some
display problems are especially critical for the ground
controller and some for the pilot. For example, the
pilot often acts as an errorereducing servo as he keeps
his aircraft in stable flight. He responds to position,
rate, and acceleration informat.on, He compensates for
his own time lag, which experiments in the air have
shown may amount to as much as 1,5 seconds when he
suddenly has to re-orient, The size, sensitivity, damp-
ing and direction-of-motion of his flight instruments
are critical variables in this special air-display prob-
lem,

E. PROBLEMS OF DIRECT VISION FROM
AIRCRAFT

Even with extensive use of electronic aids and
automatic equipment, direct vision will continue to be
an important factor in air travel, especiully for landings
at marginally-equipped airports, and for landings made
by light aircraft carrying minimum equipment,

In Chapter VI we discuss three important groups
of problems in this area: (l) Airport lighting and
marking, (2) the adequacy of vision from the cockpit,
and (3) the measurement of visibility in terms of what
the pilot will see.

One of our conclusions in this section is that in
view of the cost, the difficulty, and the hazards of
trying out a gr-at many different airport lighting
systems by means of flight tests, further field trials
should be defecred until adequate basic experiments
on factors influencing visual orientation be completed
by means of good flight simulators,



F. VOICE COMMUNICATION

Because it provides the quickest and simplest
means of requesting and of providing many kinds of
information, voice communication always has been, and
probably will continue to be, an essential element in
air navigation and traffic control. In Chapter VII we
discuss some critical aspects of this. topic,

Psychological Requirements for Voice-Communi-
cation Equipment. Voice-communication equipment is
one of the weakest links in the present system (see
especially the results of our study reported in
Appendix Il). Our inquiries suggest that the reasons
for this state of affairs are to be found in inadequate
engineering and in economic factors, rather than to lack
of human-engineering data,

Improving the Voice Signal at its Source. There
are several ways in which the design of communication
equipment interacts with the speaker so as to affect
his voice signal, For example side-tone--ithe experi-
ence produced by the speaker hearing his own voice--
affects the intensity of the speaker’s voice and the
way he enunciates words. Such effects are worthy of
more research.

The Eye Versus the Ear. We conclude Chapter
VII with a comparison of the eye and ear as a means
of communication. We conclude that the eye is maxi-
mally useful in judging spatial properties, or in
obtaining information that can be displayed in spatial
terms. The ecyes can also search through information
and single out appropriate items for attention (as from
a table of data). The ears are generally superior in
situations where time of occurrence, or rate of change,
are important variables.

For most situations, however, the question of
whether to use the eyes or ears is less important than
such questions as: Is the information encoded in its
most useful form? Does it have to be transformed
before it is used? Should redundancy be introduced
by providing a signal to both the eyes and the ears?

G. SYSTEMS RESEARCH, ANALYSIS, AND
EVALUATION

Too often in the past important decisions about
complex man-machine systems have been reached on
the basis of hunches, guesses, and opinions. Even
when systematic investigations were undertaken, the
results often were inconclusive because the experi-
ments were improperly designed and poorly controlled.
In Chapter VII1 we undertake to show that it is possible
to obtain valid, objective results in experiments on
man-machine systems.

Kinds of Systems Studies. System research tries
to discover general principles that can be applied to
the design and development of new man-machine com-

binations. System aralysis aims at the measurement
of the relative magnitudes of the errors contributed by
the various sub-systems, and the arrangement of man-
machine elements in their most efficient combination.
System evaluation measures the efficiency of a total
system so that it can be compared with other systems.

Sources of Error in Systems. One of the first steps
in a system study is to ideatify the kinds of errors
present and to locate their sources. We can distinguish
four kinds of errors: Qualitative errors are errors of
kind; quantitative errors arc variations in amount;
temporal errors are delays in a system; and sequential
errors are those that occur when an operation is per-
formed out of its proper sequence, or out of its most
efficient order, In many contexts variability and error
are synonymous.

Tests to Breakdown. Tests to breakdown are an
important feature of system studies, The necessity for
such tests is perhaps obvious. System A may perform
slightly better than system B as long as the load on
the system is relatively light, but with heavy traffic
loads and excessive stress system A may break down
completely whereas system B may still be capable of
handling some information. For example, a human
operator, while unable to do as much as an automatic
system when the latter is functioning properly, may
turn out to be superior under disaster conditions.

Qualifications for Human-Engineering ond Systems
Re: ‘arch. Special qualifications are necded by the
persons who are to conduct human-engineering experi-
ments. We review these qualifications in Chapter VIIL
We also point out that many human-engineering investi-
gations, especially those concerned with complex
man-machine systems, call for a resecarch team
including men specialized in operating problems as
well as in research,

H. CRITERION PROBLEMS

Requirements such as safety and efficiency define
the goal, or ultimate criteria, for which the system is
designed, However, the researcher usually cannot
deal direcely with ultimate criteria bur must seek inter-
mediate or proximate indices-of-merit for various parts
of the system,

We discuss criterion problems at many places in
the report and in Appendix IIl. We also stress the
importance of determining what essential information
is needed at each stage of control and for each sub-
system, and how this information is used.

It is essential that intermediace criteria be related
to, or predict, the ultimate criteria. They must reflect
critical aspects of particular functions, aspects that
contribute significantly to overall system performance.

Intermediate Criteria of Efficiency. Speed and
accuracy in making specific decisions are two common-
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ly used indices of efficicncy, However, several other
efficiency measures are available. One is the absence
of variability. Acother is the amount of overloading
that can be tolerated before a process breaks down.
Manpower criteria are also especially important,

Intermediate Criteria of Safety. Much wotk needs
to be done in relating various subecriteria to the
ultimate safety of a control system. Speed and accu-
racy in making cerwain types of Jecisions, such as
decisions to commit an aircraft to a landing, and the
degree of precision required in certain types of infor-
mation, such as weather data, need to be related to
accident probability. Data are needed on how much
each subesystem contributes to overall safety. At
present, intermediate criteria of safety are not as well
established as are those of efficiency.

The development of adequate criteria or indices-
of-merit is a crucial aspect of human-engineering
research, and one that deserves special emphasis.

I. PUTTING HUMAN-ENGINEERING DATA
TO USE

The final step in an applied research program is
the application of research findings to practical prob-
lems. Chapter IX reviews available ways of closing
the gap between research and application,

Different methods of communicating research
findings to engineers can be employed to advantage at
different stages in the planning, designing, developing,
and testing of equipment and systems. For example,
published reports and handbooks reach a large audience
and are readily available; but face-to-face contact with
consulting or full-time specialists probably provides a
more effective exchange of information and ideas.

In some instances the people who do research
should be brought in as consultants pn practical prob-
lems. In other instances it may be desirable to call
on the swmffs of consulting firms, who combine know-
ledge of the research literature with a wide grasp of
the many practical problems faced by the project
engineer.

J. INFLEMENTING THE RECOMMENDED
RESEARCH PROGRAM

An Intregrated Program. One mustoever lose sight
of the relation of specific problems to the overall

system. For example, the optimum design for a new
navigation display will be determined in part by the
principles embodied in the design of other navigation
and flight instruments,

Long-Range Objectives. We believe that many of
the most important human-engineering problems of air-
navigation and traffic-control will be solved only if
continued support is given to long-range research,
Therefore, in formulsting the research objectives
presented in ¢his report, we have emphasized long-
range goals, rather than immediate problems that are
most pressing at che moment.

Research Facilities and Personnel. Facilities for
research in the human-engineering field are limited,
and there are relatively few scientists who are now
trained to conduct research or to do consulting work
in this area. However, continued support of a long-
range research program should do much to stimulate
the development of adequate research facilities, and
to attract able young scientists into this important new
field of research,

Research Planning a Continuing Process. Re-
search planning, especiclly in a field as new as human
engineering, must be a continuing process. The further
definition of problems should be made a part of nearly
all research projects.

Related Topics. This report does not dzal directly
with the many problems of personnel research -
selection, training, manpower utilization, working
conditions, and maintenance of proficiency. Nonethe-
less, the number of persons required to operate and
maintain a system, and the difficulty of selecting and
training them, are important factors that should be
considered while a system is in the planning stage.

Related Research Programs. Many of the basic
psychological problems that we have formulated are
very btoad. This is fortunate. It means that much of
the information gathered in human-engineering re-
search on other systems will support the program
recommended here, und the latter will, in turn, supple-
ment many of the human-engineering rezearch programs
already being supported by government agencies.

Concluding Statement. We are coavinced that the
human-engineering research program outlined here
should fill a crucial gap in the development of an
improved air-navigation and traffic-control system.,
This program should be promoted (1)by giving addition.
al suppert to the work of in-service laboratories that
have human-engineering divisions, and (2) by supporting
an extensive progrom of long-range confract research.
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THE RECOMMENDED RESEARCH PROGRAM

Recommendations for research are organized under nine broad Research Objectives and
twenty-one specific Problem Areas. We believe that these recommendations, together with the
discussions and summaries in the text, are sufficiently detailed and yet are framed in sufficiently
broad perspective to permit the Air Navigation Development Board, its associated agencies in the
Air Force, the Navy, and the CAA, and prospectnve contractors, to carry out an effective and
integrated research program - a program that gives proper emphasis to research on specific prob-
lem areas as well as research aimed at a basic understanding of the capacities of human beings
in complex communication and control systems.

Research Objective |. Determination of the Relative Abilities of Men and Machines to Perform
Critical Fuactions in Air-Navigation and Traffic-Control Systems.

Basic research should be supported to provide the principles on which decisions about the
most effective roles of men and machines can be based. The decision to develop a machine
that will perform a certain operation usually implies a prior decision that a machine can do
the job better, faster, or more reliably than a man. At the present time there are few rules
that can be followed in reaching such decisions. Information is needed about such general
topics as these:

o. What standards or norms of human performance can be expected when men are
assigned certain air-navigation and traffic-control tasks and how much variability
will there be between individuals in the performance of these tasks?

b. To what extent will the various human tasks require wnusval humon capacities
ond long training prcgrams?

c. How con human performance be measured in terms that will permit the meaning-
ful comparison of the effectiveness of men and of partizular machines when cerrying
out certain tasks?

Collection and synthesis of known facts about human abilities will help to establish some
of the needed principles. Some of the information necessary for answering additional
questions can be obtained from existing records or can be collected during routine operations.
In other instances it may be necessary to conduct extensive experiments to establish some
of the principles that are needed in this area.

lllustrative Research Problems. In this report we have advanced arguments in support of the
hypothesis that men cannot efficiently monitor automatic equipment. This hypothesis needs
to be tested in various work situations, and it may be that the answer can be found by careful
surveys of typical industrial situations, such as power plants or military lookout posts, where
men are now employed as monitors. As aonother example, in this report we propose the
hypothesis that under certain circumstances men may function better than machines under
conditions of overload and stress. This hypothesis needs to be validated, and again the
answers may be forthcoming from a careful analysis of records from the operation of automatic
machinery, such as dial telephone systems, during wartime conditions, floods, partial power
failures, etc.

Research Objective Il. Determination of the Capacities of Human Operators for Handling Infor
mation in @ Communication System,

To insure the effective integration of men and machines, it is necessary to establish some
general principles governing the nature of the operator as a link in a control or communication
system. Decision-making, choosing a course of action, lies at the root of the whole control
prohlem, The selection of the correct course of action, in turn, depends on the information
available. As one aspect of the research program, therefore, we recommend the study of
human capacities for handling information and suggest that this study be approached from the
viewpoint of communication theory.
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Problem Area 1. Factors Influencing the Rate of Flow of Information, Studies are needed
to determine the information-handling capacity of human operators. This capacity should
be measured with reference to such factors as the way in which the information is encoded,
the sensory channel used, the regularity or spacing of messages in time, the effects of
mixing relevant with irrelevant information, and the effect of increasing the total amount of
information required for a decision.

lllustrative research problem. Test the following hypothesis:l The presénce of irrelevant
information retards the rate with which a pilot or ground controller can handle relevant
information. :

Problem Area 2. Redundancy. Studies are needed to determine the optimum amount and form
of redundancy that will insure the fewest errors by a human receiver of information,

lllustrative research problem. Tests of the following hypothesis are needed: The liceral
repeuuon of a visual or auditory message is one of the least nmhctory ways of insur
ing its correct reception - redundancy should be introduced by repennng a message ina
different way.

Problem Area 3. Methods for Measuring Human Information Handling Capacities. Since this
is o relatively new research field support will hove to be given to the developiment of
improved methods of measurement in areas mentioned. We have so little data to go on that
our statement of this problem area is genesal in nature.

Hlustrative problems. Messages used in current traffic-control operations should be ana-
lyzed ip an effort to define basic message units, Units of measurement should be de-
veloped that will facilitate quantitative comparisons between such widely different means
of communication as verbal language, printed language, abstract visual symbols, and
scale-and-pointer patterns,

Research Objective Ill. Determination of the Essential Information Required at evcty'Sfage'.in the

1.

Operation of an Air-Navigation and TrafficeControl System.

Systematic studies are needed to determine the essential information required for making
the decisions and carrying out the various tasks involved in navigating and in conirolling
traffic. Such analyses are needed in connection with most of the technicdl objectives that
follow. These studies should include experimental investigations in the laboratary, job
analyses, system analyses, operational analyses, and field studies of certain existing epern-.
tions. They should cover both transient and status information and the information needed
both by the ground controller and the pilot. They sheuld be made for specific existing
systems, and also, in so far as possible, for the basic functions commen to all systems.

Illustrative research questions. What does a pilot need to know about weather? What infor-
mation is essential in a pictorial display for airport taxi control? What information is es-
sential in order for a pilot to orient by means of ground lights? What is the relative frequency
of different types of sir-to-ground messages such as ‘‘command-type’’ and “‘information-.
type’’ messages? What information should be included in a Human Engineering Handbook?

Ve bave included at least one example under each problem area to illustrate the kind of re-
seacch recommended. In many cases we state the example in the form of a specific
hypothesis that can be subjected to experimental test, We do not imply, when we state such
hypotheses, that we expect the tests to support the particular hypothesis more often than to
reject it - in other words the fact that the hypothesis is stated in the negative or in the
affirmative has no significance. We have selected as illustrations problems that we consider
to be important, but we do not wish to imply that those particular problems are necessarily
ones that should be given highest priority in each area. In the body of the text can be found
many other examples of specific problems that need to be solved,
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In specifying information needs research should answer such specific questions as the
following:

a. What information is needed?

b. With what accuracy is it needed?

¢. How much time is available to use it?

d. What decisions will be made and what actions taken about it?

Research Objective V. Establishment of Criteria and *‘indices-of-Merit’’ for Human-Operator and
Man-Machine Performance.

The criterion problem arises in cc“nection with all of the research problems dealt with in
this report (see Appendix lil). The answer to the problem begins with the determination of a
theoretical ideal level or "‘model’” of desired performance. This ideal model should.define the
ultimate criterion for the system. Unfortunately, it is not often that the research worker can
relate his experimental daea directly to such an ultimate criterion. Instead he must make use of
proximate or intermediate criteria or ‘'indices-of-merit.’’

The development of satisfactory intermediate criteria is an important problem. At this level
we deal with parts of the system, sometimes even with single instruments and specific ways of
using them. It is essential not only that we measure the effectiveness of these specific opera-
tions, but that we relate our messures to the higher order or ultimate criteria in terms of which the
entire system is being designed. :

Investigators in the field of human-engineering have made some progress in establishing
criterion measures. However, many new criterion problems arise whenever research is undertaken
on a new system,

It is our belief that the criterion problem cuts across every aspect of human-engineering re-
. search, and that almost every investigater must devote careful thought and expend some research
time on the criterion aspects of his special problem, We believe accordingly that it may be mis-
leading to beeak up this general topic into specific problem areas and so we listno specific
problem areas here. The criterion problem should be studied as an important aspect of each of
the other research objectives.

illustrative Research Questions. Questions illustrating the criterion problem can be grouped
under three headings:

e. Questions about vltimate criteria: How can the ultimate objectives of a system be
formulated more specifically and quantitatively? For example, is runway utilization the
best single uitimate criterion of the efficiency of a traffic-control system?

b. Questions about intermediate criteria: What are the most satisfactory measures of the
effectiveness of a communication system? A display system? An airport lighting system? How
do the measures of the effectiveness of each of these systems relate to the ultimate criteria?
For example, are pilot eye movements an index of the effectiveness of a proposed instrument-
panel arrangement, and how do eye movement measures relate to the accuracy of instrument flight,
to safety, etc.?

¢. Questions about techniques of criterion development: Whet are the best methods of collect-
ing data on what human operators do on the job? What are the best methods for determining
the reliability of these measures? What are the best methods for determining the interrelations
between intermediate criteria, and the velatiens between intermediete and uitimate .criteria? For
example, what is the most reliable method of obtaining and npoﬂing information about accidents
and near accidents?

Research Objective V. Determination of Principles Governing the Efficient Visual Display of
Information.

A good display is one that facilitates the flow of pertinent information to a human operator,
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The principles governing the design of such displays are still incompletely understood and much
work is needed in this area.

Problem Area 1. Simplicity versus Complexity of Visval Displays. Studies are needed to deter
mine the relative advantages of displaying a given amount of information (o) by means of @
number of relatively simple instruments, ond (b) by means of o single complex instrument,
We propose as a general hypothesis that thare is a limit to the amount of infermation that
should be crowded into a single display. Research is olso needed to determine the maximum
number of different woys in which related information can be encoded and presented simul-
*. weously.

llustrative research problem. If one wanted to depict, by means of a symbol on a cathode
ray tube, four things about an aircraft, it would be possibie to do this by using the color of -
the symbol to depict one thing, its size another, its beightness another, and its shape still
another - (its position, of course, would provide information along two additional dimensions.)
Studies should be made to determine whether a controller can respond effectively to symbols
which are categorized simultaneously in as many different ways as these.

Problem Area 2. The Display of Spatial Relations. Studies should be made to detérmine principles
governing the effective display of information about the relative position of aircraft and ground
objects in tri-dimensional space. Numerous questions of greot practical importance must be
solved in this problem area. These include the following:

a. What coordinate systems and what type of projections should be used in showing
spatial relations on bi-dimensional pictorial displays? '

b. How should information obout spatial relations be encoded on symbolic displays?
c. What combinations of symbolic and pictorial displays are most effective?

lllustrative research problem. Test the following hypothesis: In a semi-pictorial airbome
approach and landing display it iz better to show azimuth and elevation pictorially, with
range presented symbolically, than to show azimuth and range pictorially with elevation
presented symbolically.

Problem Area 3. Coordination of Displays and Controls. Studies are needed to defermine the
display characteristics that are necessary when the action taken in response to displayed
information ie a manipulation of controls, and when this movement in turmn resvlts in a
modification of the display.

This problem area is particularly critical for the pilot. The pilot sees the movement of dis-
plays relative to his own eye and the rest of the cockpit; yet he must interpret this
information in terms of the movements of ..is aircraft relative to the earth.

Problems which arise here involv. direction-of-motion relations between displays and «con-
trols, the question of what is responded to - displacement, acceleration, or some higher
order, and the optimum sensitivity of displays. Swch problems have been receiving some
research attention, but as yet few general design principles have been established.

lllustrative research questions. Should flight instruments be designed in accordance with
the *fly-to’’ or *'fly-from’’ principle? in a pictorial display of the aircraft’s track over the
ground should the aircraft appear to move and the ground appear to remain stationary, or
should the aircraft’s location appear fized and the ground appear to move? When should
azimuth stabilization and when should heading stabilization be used? How accurately can
controls be positioned in response to derivative information? What is the optimum sensitivity
for a heading or bank indicator? Principles that will settle questions of this sort must be
established to achieve the level of pilot performance required for precise navigation and
traffic control.

Problem Area 4. Displays for Quantitative Reading. Studies are needed to determine principles
for designing displays so as to increase precision, and reduce the incidence of gross errors,
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in reading scales. Considerable research has been completed en scale reading preci-

sion, and on the nature and magnitude of interpolation errors, but reletively fow studies

ere available on the origin of gross errors such as “‘reversal’ errors, and on ways of
- minimizing such errors.

Sources of possible confusion in shifting from one instrument to another, or in interpree-
ing different kinds of scales, should be investigated thoroughly. The potential value of
studies planned to eliminate the causes of gross errors is indicated by the results of re-
cent experiments which showed that by changing the face of the conventional altimeter-
the frequency of 1000-foot errors could be reduced by a factor of more than 10.

lllustrative research problem: Determine whether the principles of combining a single
sensitive pointer and & counter to provide a '‘long scale’ instrument can be applied
generally in the design of many different kinds of instruments.

Problem Area 5. Displays for Check-Reading and Monitoring. Studies are needed to deter
mine principles governing the display of simple yes-no information so that the eye can
quickly detect deviations from a null or desired condition, picking out o deviating in-
strument from among a large number of normally-reading instruments. We have expressed
doubts about the suitability of a human operator for most monitoring tasks. However,
there will continve to be many jobs in which pilots and ground controllers will devote
part of their time to check reading, which is an aspect of monitoring. It is essential
that they have properly designed displgys for this purpose.

lllustrative research problem. Conduct test of the following hypothesis: There is an
optimum visual angle for viewing any monmitoring display, and speed and accuracy of
check reading will be impaired if display size is too large or too small. P

Problem Area 6. Display of Status Information. Studies are needed on methods of encoding
and displaying weather information, on ways of representing landmorks and terrain fea-
tures on maps, and on ways of summarizing information on charts and display boards.
Much improvement can and should be effected in this problem area, A few projects are
being supported by the military services, but these should be supplemented by studies
relating especially to the traffic controller and civilian pilet.

lllustrative resedarch problem: How should the changing weather picture be displayed so
that i¢ is readily available to the pilot in the form in which it is needed?

Research Objective VI. Determination of Optimum Conditions for the Use of Direct Vision.

. Even with extensive use of electronic aids and automatic equipment for all-weather flying,

" direct vision will coatinue to be an important factor in many flight conditions, ¢specially for
flights to small, marginaliy-equipped airports, and for light aircraft carrying minimum equip-
ment, Therefore, some research should be continued on problems of direct vision.

Problem Area 1. Airport Lighting and Marking. Systematic studies should be made of such
questions as the following:

_a. What cues are most important in permitting a pilot to orient with respect to the
" runway when he sees a pattem of lights from the air?
b. What is the best way of indicating position along the runway?
c. What factors influence ability to shift quickly from instruments to ground displays,
' and from ground displays to instruments?
d. What is the interaction between approach-light design and the design of cockpit
instruments?

Ve believe that work on these problems should be carried on chiefly in the laboratory,
through the use of simulators, However, this should be accompanied by some carefully
planned flight test work to check on the validity of the criteria employed in the laboratory
research. (see Research Objective 1V).
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Problem Arec 2. Vision from the Cockpit. Studies should be continued to determine by
sclentific means the required field of view frem the cockpit, and the required quality and
angle of transparent sections. The efforts of the CAA Technical Development ond
Evoluation Center along these lines should be supperted. Every effort should be made to
see that manufacturers meet the vision requirements that are already known.

In addition to studies of requirements for direct vision through the windscreen, the
passibility of providing supplemental views of the terrain and other aircraft through the
use of reflective or refractive optical systems should be investigated. Such studies will
be closely related to those on the use of pictorial displays of space relations (such as
television displays.)

lliustrative research question. How does the accuracy of manual landings in marginal
weather vary as a function of the field of view through the windscreen?

Problem Area 3. Measurement of Atmospheric Transmission. Studies should be continued
to determine better ways of measuring and predicting the conditions of visibility that will
exist during a landing approach, and of improving visibility through the choice of the type
and spatial distribution of energy in airpert light sources.

Ilustrative research problem. What ways of measuring visibility from the gmnd agree
most closely with actual visibility of airport lights from the cockpit of an approaching
aircraft?

Research Objective VII. Determination of the Psychological Requirements for Communication
Systems. '

Communication is an esscatial element in air navigation and uaffic conwol. Many of the
psychological requirements for good communication systems are already known. However,
some of these have not been implemented on the technical side, and some important
questions of communications still lack psychological answers.

Problem Area 1. Improvement of Voice Transmission. Studies should be made of several
special listening and speaking problems. Ways of improving the production of voice
signals through the control of side tone should be investigated. The efficiency of listen-
ing with one ear should be investigated under a variety of masking and distracting
conditions. Studies employing both acoustical and psychelogical methods, should be
made ‘o discover the effect of a small enclosure on the human voice

lllustrative research questions. When using an oxygen mask oc a noise shield, why is the '
loss of intelligibility greater than would be expected on the basis of physical measure-
ments of the enclosures alone? Can one of two competing conversations be heard more
oc less effectively when both ears hear both, or when each ear hears only one?

Problem Area 2. Improvement of Message Formulation. Studies should be made to determine
optimum ways of formuloting or encoding messages for transmission by voice or dther
means. The requirements of both the specker and the listener should be cinsidered.
This topic, end the related one of encoding information in relation to the actien to be
taken, cell first for the kind of basic research on human information-handling capacity
recommendod under Research Objective il.

When methods have been developed for measuring the information-hendling capacity of the
luman operator, tests should be made in a wide varlety of sitvations to establish more
clearly the optimem design of presentations using visval and auditory inputs.

llustrative research problems. An international language is needed for air traffic control,
Should this be a spoken language, a printed language, or & set of arbitrary symbols?

Problem Area 3. Optimum Use of Visval and Avditery Means of Communication. Studies
should be made of the relative advantages of auditery and visval messages, including
comparisons of auditory-sequential-periodic and visval-simultaneous-continuous presen-
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tetions. Studies should also be made of the advantages achieved by simultaneocus auditory
and visuol presentation of the same infurnation, and the relative cdvuntoges of uni-
sensory and multi-sensory deta displays.

lllustrative research problem. Tests should be made of the following hypothesis: If it is
necessary to give an operator an important message, it is much better to give it to both
the eyes and ears than to one sense alone.

Research Objective VIIl. Optimum Man-Machine Systems Engineering.

The term '‘system’ as used here includes the entire assemblage of men and machines

engaged in air navigation and traffic control. The contribution of human engineering to the
efficient overall design of this man-machine system should include the following:

a. Systems evaluation-comparison of the new and the old,

b. Systems analysis- the identification of sources of variability or errors.

c. Systems research- the discovery of principles governing efficieni men-machine
combinations.

All three kinds of studies should receive major emphasis, In achieving this research
objective, cooperative research participated in by men trained in different scientific disci-
plines is usually necessary.

Problem Area 1. Human-Engineering Anclysis of Existing Systems. Systematic studies
should be made of existing air-navigation and traffic-control systems in order to dis-
cover sources of variability, delay, and error. These studies should have the following
objectives:

a. To provide facts needed in planning better systems for the future,
b. To solve some of the problems of present systems.

Our study of present air traffic control procedures, sunmarized in Appendix 1, is an
example of the kind of work that is needed, altaough it is not nearly as thorough a job
as we should like to see.

lllustrative research problem. There is need for an analysis of the relative importance

of different factors now causing variability in the eatimated arrival time of aircmaft, -

including factors attributable to pilots, controllers, communication lags, weather, and
" instrument errors.

Problem Area 2. Human Engineering Research Studies, Anclyses, and Evaluations of New
System Components. Studies should be made of all new systems, and of new component
parts of systems, ot the earliest possible stage in their development, so that features that
are desirable from a psychological viewpoint can be embodied in the final production item
ond undesirable features eliminated. As for as possible these systems studies should
be planned jointly by research teams, including pilots, controllers, engineers, applied
mathematicians, ond engineering psychologists.

lllustrative research problem. Integrated studies evaluating distance-measuring equipment
should be planned by a research team to determine how well this new equipment
meets the needs of ground controllers and pilots and how well it functions as part of a
total navigation and traffic-control system. Such studies would supplement those con-
ducted to determine the engineering and electronic acceptability of the equipment.

Problem Aree 3. Humon-Engineering Research on Proposed Systems. Insofar as possible,
scientific studies should be made of proposed new systems and system components, in
order to discover basic principles of systems design, and to determine, before the cherac-
teristics of a new system are frozen, what features should be embodied in its design.

Such man-machine systems studies require special research facilities that are not now
available, It will be necessary to manipulate entire systems including human operators.
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The load on the system, the communication and display of information, and the tasks to
be performed by the various humans in the system must be under the coatrol of the ex-
perimenter, and must be subject to exact repetition, Miany of these elements must be
simulated,

Exploratory studies are needed t6 determine how the equipment needs for research in this
problem ares can be met, what kinds of facilities are needed, and how an integrated
approach to systems research can best be accomplished.

lllustrative research project. A study should be made to determine what the simulator
requirements are for human-engineering research on airenavigation and teaffic-coatrol
systems. This study might well include work on the criterion problem. As another illus-
tration, a research team including scientists from several specialized fields, equipment
designers, and operating personnel should be organized to study ways and means of pro-
viding more efficient methods and rechniques for carrying out human-engincering systems
research,

Research Objective IX. Maximum Application of Existing Human-Engineering Information.

The final step in an applied research program is the application of research findings to
practical problems. In fact, this is both the justification for the research, and the test of
its worth,

The first question that should be asked in planning research on an applied problem is: Are
there any existing data that will answer the question? It is our belief that there are now many
areas of engineering design where existing data are not being applied, an’ where valid
answers do already exist to critical questions,

‘The second question that should be asked is: Does the problem call for research, or for
consultation by experts? Several considerations entsr here. It obviously is not feasible,
however desirable it may be, to settle all design questions by recourse to research, Time
and cost prevent this. Most design questions involve a weighing of maay different engi-
neering, human, and economic factors. Thus single research studies seldom provide a com-
plete answer to complex practical problems. The aims, therefore, should be the followiny:

a. To anticipate the most general and most important questions and to support re-
search on these questions.

b. To settle the more specific and the less important questions, or those questions
that require an immediate decision, by using the best scientific informafion and
advicé already available.

Through the continued support of long-range research over s period of y.ars more and more
immediate practical problems can be settled on a factual, scientific basis; but in the mean-
time the best possible use should be made of existing information.

Problem Area 1. Utilizing Human-Engineering Data in Systems Planning. Extensive vse
should be made of humn-ongimrlng dato, and of consultants who have expert knowledge
of the data available in the various areas of psychology, in overall systems planning.

lllustrative project. The help of experts in human-engineering and in personnel and in-
dustrial psychology should be sought in making decisions about how best to utilize human
abilities in an air-navigation and traffic-control system, i.e. decisions about what men
should do and what machines should do.

Problem Area 2. Utilizing Human-Engineering Data in Designing Specific items of Equipment.
Emphasis should be given to writing equipment specifications so that human-engineering
requirements are met. Relevant data about humon performance should be applied through-
ovut the various stages in the design and development of new equipment.

One of the best ways to insure that this is done is for engineering psychologists to work
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closely and coatinuously with design engineers, In a foew instances this is now being
done, but the practice should be greatly increaséd.

Hlustrative projects. Agencies that undertake to develop new flight instruments should
insure that they have the assistance of aviation psychologists who have studied pilot dis-
play problems. Similarly, agencies that undertake to develop new radar equipment for air
teaffic contzol should arrange for coatinuing help from engineering paychologists who
have studied radar display problem:..

Problem Area 3. Providing Humon-Engineering Handbooks, Engineers Guides, and Summary
Reports on $pecial Preblems. Existing informatien of tepics of impertance for the de-
velepment of air-navigation end traffic.contrel equipment should be summerized in hand.
beoks and special reports, In seme ccses the preporetion of such summaries should be
specified as part of the werk te be dene under o resesrsh contract; in other cases, this
work should ba included as pert of 0 survey of preblems In & given area or made the sub-
{ect of a separate centraat, '

The Navy, through its contract with Tufts College for a Human-Engincering Handbook, has
been supporting work in this problem area for several years. However, thia Handbook
alone does not cover all of the needs for human engineering data in the alr teaffic control
fleld,

Hliustrative project, There is a need for & technical guide to the methods of systems re-
search. Such a guide might be developed, for example, by taking Chapter VUI of this
veport, greatly amplifying it, and publishing it as a special report,




CHAPTER |
OBJECTIVES

This report outlines s long-range program of

human-engineering research on ‘air-navigation and
traffic-control equipment. In preparing it we have tried
to achieve the following objectives:

1. To summarize our knowledge sbout human engi.
neering as it relates to air navigation and traffic
control, oand to describe techniques available for
dcquiring new knowledge in this orea.

2. To indentify the major human-engineering prob-
lems of Importance to the program of the Air
Navigation Development Board.

‘3. To point out the practical outcomes to be antici-
pated from a research program directed toward
the solution of these problems.

4. To list suggestions as to the specific kinds of
psychological research which must be done in
order to satisfy the immediate and ultimate needs
of ANDB in the development of air-navigation
ond traffic-control equipment.

A. The Information Used
in Preparing This Report

Facts About the Présent System. We began our
work by learning what we could about the air-traffic-
control system as it is today. This information came
from interviews with operating personnel in various
control centers in the first, second, third, and fourth
regions. The results of this study form Appendix I to
this report. Because this appendix describes present
air uaffic coatrol procedures, we recommend that any
reader not familiar with these procedures refer to it
immediately for otientation.

We also surveyed the opinions of certain air-
uaffic-control personnel regarding the system which
they are at present operating, This survey, summarized
in Appendix II, was designated to orient us in our
thinking about research problems.

Plans for the Future System. Finally we studied
various plans and proposals that have been put forward
for future air-traffic-control systems. Tais information
was gathered through conferences with the seaff of the
Air Navigation Development Board (ANDB), through
conferences with planning, operational, and engineer-
ing groups in the Civil Aeronautics Administration
(CAA), and the United States Air Force (USA™), and
the United State Navy (USN), and through conferences
with persons in industry and in airline companies. We
asked questions of many key people in aviation, in-
cluding pilots and operating personnel, as well as
men in technical and management positions. We also

analyzed a great many published reports relating to
teaffic control, Although this background information
has been invaluable to us in preparing the research
program outlined here, we have made no attempt to
include all of it in the present report.

The Role of the Human Operator., Throughout our
exploratory studies, visits, and interviews our focus
was onthe human operator and his role as an individu-
al and as a member of a team in the traffic control
picture. We asked such questions as: What specific
things does o human operator do in o troffic-centrel
system? What information inputs does he act on? What
kind of decisions does he make? How many decisions
does he moke?

Ve were, in fact, making in necessarily cursory
style the kind of job analysis which always precedes
direct experimentation in human engineering, And as
we gathered facts thatgave us a general understanding
of the traffic-control problem, we tried to formulate
the corresponding research questions: How much is
known about what a human operator should do in @
traffic-control system? How much is known abeut whet
information inputs the human operotor is best able to
act upon under various conditions? What do we know
obout how traffic-control decisions are made? Our
tesearch recommendations follow from the answers
that we could give to such questions in the light of
our present state of knowledge,

Organization of the Report. This report begins
with a broad and general outline of the air-traffic~
control problem, against which are set some basic
questions of system organization and philosophy. It
then proceeds to cover a series of major research
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areas within which the human operator’s problems
appear to lie. It concludes with discussions of re-
search techniques and applications.

B. Readers for Whom This Report is Written

This report is written primarily for three kinds of
readers: (1) members of the ANDB and its technical
staff, (2) professional psychologists, and (3) engi-
neers and other professional men in industry, air
transport companies, the CAA, and the military ser-
vices.

First of all, the report is intended as a guide to
the ANDB andto other high-level Government agencies
in planning and budgeting for human-engineering re-
search, Second, it is intended to acquaint psycholo-
gists with the practical and theocetical psychological
problems encountered in developing equipment for an
air-navigation and waffic-control system. Third, it is
intended to provide engineers and other professional
men with an overall view of the scope, methods, and
applications of research dealii.g with the human factor
in engineering design.

C. The Nature of Human Engineering Research

Although human engineering research methods
are discussed at various points throughout the report,
it is appropriate at the outset to remark generally
about the nature of human engineering studies.

Human engineering is a special branch of applied
psychology that deals with the relations between men
and machines, It attempts to find out what the capa-
‘bilities and limitations of human beings are in using
various kinds of equipment. One of its practical ob-
jectives is to provide the basic data that will permit
engineers to design equipment which is adapted for
efficient human use, Another, perhaps even more im-
portant, objective is to help engineers decide what
equipment needs to be developed in the firsct place.
Psychologists have something to contribute on this
score because, in the final analysis, the decision to
_build a piece of equipment depends on an answer to
the question: ‘‘What should men do and what should

machines do?"’

Steps in Human-Engineering Research. In gener-
al, an experiment in buman engineering begins with a
careful and systematic study of the job or task under
consideration. The primary concern is for a decailed
analysis of what the job proposes to accomplish, and
what the operators presumably need to know and do in
otder to achieve that end. This process is sometimes
referred to as the study of system requirements or task
requirements.

Usually this analysis leads to the formulation of
specific hypotheses. The researcher then tackles the
problem of devising situations in which he can test
these hypotheses and evaluate alternative equipment
designs or equipment arrangements to find the most
satisfactory way of meeting the job objectives. These
studies take the form of controlled tests, carried out
in accordance with appropriate experimental pro-
cedures and providing quantitative data which caa be
subjected to statistical scrutiny.

One of the most important aspec.s of this routine
is the development or selection of an acceptable and
valid performance measute or criterion. In case of
simple, more or iess unitary tasks, the criterion may
itself be simple, but as the task becomes more com-
plex or assumes the proportion of systems operation
with groups of participating operators, the formulation
of suitable criterion measures often itself becomes a
major undertaking, Because the adequacy of the cri-
terion is central to all human engineering, this is dis-
cussed as a special problem in several later chapters
dealing with human-engineering resesrch,

Humon Factors and the Scientific Method. Human
engineering is characterized not only as an area of
study dealing with a special class of problems, but
also by the fact that in dealing with the behavior of
men, and of man-machine systems, it applies the
methods of modem scientific analysis - methods that
have l¢d to so many techological achievements in
the realm of the physical sciences. Throughout this
teport we shall try to convey something of the scope
and variety of the human,engineering problems to which
tigorous available methods can be applied.




CHAPTER Il

THE AIR-TRAFFIC-CONTROL PROBLEM

It is easy, when talking about any man-machine
system, to become concemed with the characteristics,
procedures and equipment of a particular system and
to confuse these with the problems they have been
designed to solve. This is why it is hard to look be-
yond specific equipments and to see the basic func-
tions they are intended to serve and the problems that
beought them into being in the first place. Yet such o
viewpoint is essential if we are to think intelligently
‘about the basic human problems in air-traffic control
and not be distracted by subsidiary problems that are
unique to a particular system. Therefore, even at the
tisk of oversimplification, we shall attempt to summas
ize here some of the basic concepts of air-traffic con-
trol.

A. Air-Traffic-Control Principles

Two requirements are basic to the concept of air-
traffic control, The first of these is safety; the second
is efficiency.

Safety

The reasons why we are concemed about safety
are obvious. The geography of air transportation is
such that the density of traffic, and hence the possi-
bility of collision, is great in certain areas. Many
people, starting from widely-separated origins, often
want to fly to the same place at about the same time.
Not only that, but sooner or later they all have to land
on the same runway. If the movements of the aircraft
involved were independent of each other, the likelihood
of collision would be great, Thus itbecomes necessary
to make the movements of each aircraft depend upon
the movements of other aircrafc. We must exercise con-
trol over their <eparate flight paths.

Efficiency and the Flow of Traffic

Collisions may be avoided by making one of the
impending participants go some place other than where
he wants to go. This detour may be a large one or a
small one, but in any event it delays the progress of
the aircraft for a certain time. If this happens often
enough to enough aircraft, then we can say that there
is a traffic problem.

In air transportation the bottleneck is the landing
runway and the air space immediately around to it,
It is the smallest space that all aircraft must occupy
in common at one time or another. This is anather way
of sayingthat it is subject tothe greatest traffic densi-
ty. To see whether a traffic-control system is doing a
good job, therefore, we can obtain an index of runway
utilization. But more important than this, runway
utilization sets the keynote for the design of a traffic-

control system. Second oaly to the principle of safety
we can say that all parts of a system should exist
mainly for the purpose of achieving maximum ruaway
utilization. And we should keep efficient runway uti-
lization in mind at all times when thinking about
uaffic-control systems.

Additional air-traffic-control principles, swch as
reliability and flexibility, have been listed in other
papers on air-traffic control (cf. the RTCA Special
commitiee 31 report) but safety and efficiency appear
to be of primary importance.

‘B. Evaluation of Opportunities
for Exercising Control

If the object of control is to deliver aircraft to
the landing runway at a maximum rate, without con-
flict, and with minimum delay, what opportunities are
available for bringing this about? Since sircraft, once
sir-borne, always must keep on flying and therefore
going somewhere, the opportunity for control must lie
in programming their flight paths. Control can be exer-
cised at many different places in the system and the
problem is to decide where it will do the most good.

Terminal Area Control

Control in the terminal area, an area of 30- to 50-
mile radius around the airport, will be essential in any
system. We can assume that aircraft will arrive at this
terminal area, ecither in a random sequence, in an
irregular sequence such as would resule from the use
of take-off control without enroute control, or in a
relatively regular sequence resulting from enroute
control. The task is to transform the arrival sequence,
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whatever it may be, into a regular landing sequence
with a rate of landing which approaches maximum run-
way utilization,

To achieve this transformation it is possible to
vary the speeds of aircraft, to vary the length of their
flight paths through the terminal ares, and to vary
yertical spaciag. The kind of contro] that exists coday
depends peimarily on variation in flight path, In heavy
traffic, &c present system is inadequate. For safety
‘reasons, changes in flight paths involve large incre-
ments, such as a complete tuen or flight to a new fix,
The present system involves the use of holding areas
and stacks, and usually only one aircraft at & time is
moved from one altitude layer to another. The conse-
quent delays can amount occasionally to several hours.

Shorter flight paths have generally not been as-
signed up to the present because of the lack of pre-
cision in determining the exact position and movement
of aircrafe, the lack of a commonly-available method
for computing the shortest safe flight path for each
aircraft according to its speed and position, and the
absence of a method for displaying to the pilot the in-
formation necessary for high-precision flight.

The more extensive use of mdar and other new
technicai developments, including those concemed

with the human factors that are part of the system,

should remedy many of the present deficiencies. For
example, the use of surveillance radar provides the
possibility of vectoring (giving heading instructions)
to aircraft in lieu of complete tumms or flights to new
fixes. The use of such procedures on the Berlin Air-
lift and in Chicago has been highly encouraging.

Enroute Control

A schedule for an entire flight could be drawn up
which would jibe with the schedules of all other
" flights so as to insure an efficient landing sequence.
The schedule could start with a time for take-off and
could contain times for reaching various fixes; or it
could start with an undetermined take-off time and
could impose more and more rigid contral as the termi-
nal area was approached. Obviously such a schedule
would have to be well within the speed capabilities
of the aircraft, With an unexpected tail wind the plane
would have to loaf along. With an unexpected head
wind it would have to speed up. Navigation would have
to be accurate and the precision of navigation would
have to increase as the terminal area was approached.
There is no doubt that a more precise enroute control
system than that now in use can be devised.

Scheduling Take-offs

It is theoretically possible to cause aircraft to
touch down at a desired instant by scheduling the
time of take-off. However, there is so much uncertainty

in predicting the time enroute for any given flight that
the most exact scheduling of take-offs could not, by
itself, guarantee an ocderly arrival of aircraft spaced
one to two minutes apart. This was one of the lessons
learned on the Berlin Airlife, Ficts and Long (1948),
for example, after observing operations and interview-
ing many of the pilots, ground coaotrollers, and oper-
ations personnel of the Airlift Task Force, concluded
that the chief factor that limived traffic density was
the inability of pilots to maintain their 3- or 4-minute
take-off spacing while flying along the air corridors
to Berlin.

Airlift personnel were almost universal in agree-
ing that this factor rather than Terminal area concrol
(the approach radar and GCA equipment) was the chief
“*bottleneck’ in the operation, Tske-off coatrol, of
course, reduces the probability that a large number of
aircraft will arrive simultaneously at the terminal area.

Recent swdies of Airport Time Utilization Equip-
ment (ATUE) by the Comell Aeronautical Laboeatory
indicate that some degree of take-off control will be
necessary in the future system.

Needless to say, it is also the business of a
traffic-control system to permit loaded aircrafe to take
off and clear the area with a minimum of delay., Fortu-
nately an airplane waiting to take off presents « sim-
pler problem than an airplane ready to land. Never-
theless, adequate opportunities for take-off and a
clear path out of the ares must be provided and inge-
grated with the landirg part of the system.

Degree of Control

It is safe to state that the coatrol system of the
future must involve the minimum control necessary for
haodling traffic safely and efficiently, Terminal area
control will obviously be essential. In many areas
enroute control may depend primarily upon accurate
navigation on the partof the individual pilot, Assuming
that modern navigational aids will make this possible,
more planes may still arrive in the terminal area than
can be handled at one time. Delays caused by this
event can only be avoided by a combination of take-off
and enroute control. This would seem to be entirely
feasible while at the same time maintaining funda-
mental dependance on navigational aids outside of the
terminal areas.

Taking all factors into consideration, it is owr
conclusion that the greatest gains in safety and ef-
ficiency will be achieved in the next decade by solving
the problems, humon engineering omong them, of termi-
nal area control.

Our discussion of research problems, therefore,
emphasizes the terminal control problem.
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CHAPTER il

SOME BASIC QUESTIONS IN DESIGNING AN
AIR-NAVIGATION AND TRAFFIC-CONTROL SYSTEM

In phnning a long-range research program om
human factors in airenavigation and rraffic coatrol,
it is necessary to make some predications about the

role human beings will play in the system of the future, .

This is obviously a very difficult kind of forecasting
to do, but the things that psychologists know about
human capabilities and limitations enable us to make,
some general statements on this point, Consideration
of this very basic question will also point up seme
important problems for future research.

A Possible.Rolls.of the.Human Operator in Fulure

Alr-Traffic-Control and Navigation Systems -

One way of approaching this problem of forecast-
‘ing the directions of future developments is to ask:
What roles can the human be assigned in future
systems? Four possible kinds of control systems,
distinguished in terms of the degree of human partici-
pation in the control process, can be postulated. We
list these only in order to illustrate the range of
possibilities. We do not wish to imply that they all
are equally feasible or desirable.

1. Fully Automatic Control. To some pecple auto-
matic flight and automatic traffic control appears to be
the direction that future developments will take. Our
society is continually becoming more highly mecha-
nized, Automatic machinery opens doors for us; en-
ables us to communicate with each other in a matter
of seconds though we may be separated by miles; pro-
vides signals for our rail and highway traffic; and
solves mathematical and logical problems of such
speed that the layman’s imagination is overwhelmed.
If this is the ultimate direction in which air naviga-
tion and traffic control developments will go, then
there will by no human operators in the control sys-
tem of the futurc. and human-engineering will be con-
cerned with problems of production and maintenance,
rather operational problems,

2. Automatic Control with Human Monitoring. An-
other possibility is that human operators will always
have to be around to take over in an emergency even
though the equipment be fully automatic. Machines
are not infallible. Dial telephone systems, for example,
sometimes break down--tubes burn out, relays need
replacing, wires deteriorate. Even if the primary task
of the buman becomes that of monitoring, maintining,
and calibeating automatic machines, some men will
need to be capable of making intelligent decisions
and taking quick action in cases of machine break-
down or in unforeseen emergencies.

The human-engineering research problems re-
lating to such a control system would center about
the capabilities of the human as a monitor, as a

trouble-detector, and as an emergency coatroller, both
on the ground and in the air,

3. Semi-Automatic Control Supplemented by Humen
Performance of Critical Functions. Another possibility
is that the human may routinely perform certain criti-
cal functions, leaving the major work of the system to
semi-automatic machinery. If this tums out to be the
case, then long-rang= research on human functions
would center about those higher-level mental functions
we call reasoning, judgment, planning, and decision
making, It would emphasize the problems of infor
mation display and communicstion.

4. Primary Control by Human Operators who Would
be Assisted by Effective Data-Analysis, Data-Trans-
mission, and Data-Displry Equipment. Still another
possibility that we must consider is that the role of
the human in the futuwe waffic-control system will
tesemble the role he performs at present. Human
operatocrs may do most of the critical tasks-sizing
up display information, receiving and issuiag communi-
cations, making decisions, and issuing directions-
aided by much better data-displays, communication
lioks, computers, and other equipment, than present-
day coatrollers have,

B. Division of Responsibility

Between Men and Machines
Some general answers to the problem of deciding
the proper role of human operators in a control system
can be made on the basis of what psychologists know
at the present time about the limiting characteristics
of human capacity and performance,

In some cases, our information on these points is
fairly complete; in others, we must characterize the
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statements as being little better than informed o-
pinions. In discussing these broad questions we have
attempted to indicate what answers are based on well-
established experimental evidence, and what on in-
formed opinion.

Some General Characteristics of Human Performance
That Help Define the Role of the Humon

Alertness. In considering the possible rale of the
human in an air-navigation and traffic-control system
we know that certain allocations of respoasibility
would not be desirable becau_. of human limitations.
The second alternative listed above, automatic control
with human monitoring, often might not work well
because there is evidence that in certain kinds of
tasks humans ate poor monitors. In tasks that call for
long periods of relative inactivity, humans tend to
become inattentive, and bored, and sometimes fall
asleep (see Mackworth, 1949, 1950). Even if the sys-
tem were arranged to force the attention of the human
moanitor at the time of equipment failure, his immediate
reactions might be far from adequate.

One premise we have assumed in considering this
kind of system is that the human should be prepared
to take over critical functions of air-traffic control in
case of emergency. But a man cannot make intelligent
decisions in an emergency unless he has an adequate

uadersmnding of the taffic picture at the moment of

the emergency and for a shoret time preceding it.

Thus, we are forced to conclude that the monitor
must keep alert and thoroughly informed of the traffic
situation at all times in order that he can take over in
emergencies. We must also conclude that a monitoring
system is one of the worst kinds of work situations
when we want the human to stay alert.

The railroads long ago separated the functions of
expediting traffic and of monitoring for possible col-
lisions, giving responsibility for the former to men
and for the latter primarily to automatic machines,

It is true, of course, that men do perform many
monitoring tasks in modem industry. Electrical sub-
stations, for example, are monitored by men. Also,
even though wen may be inherently poor monitors it is
possible that in certain special cases they might be
more dependable monitors than machines.

Considerations such as these lead us to the
following two conclusions which we believe to be
well supported by present knowledge: (1) Human tasks
should provide activity. The roles of the human oper-
ators in the future air navigation and traffic control
system should be active rather than passive ones.
Activity in any task is conducive to alermess, and
helps to insure that the human will keep abreast of
the situation. Activity also is conducive to leaming
and maintenance of proficiency. (2) Human tasks
should be intrinsically interesting. The role of the
human in any system should b~ incrinsically interest-
ing in order for human efficiency to remain at a high

level, Although there is no simple set of rules for
making human jobs interesting, a great deal that we
already know can be applied to this problem,

Overloading. A second coasideration relating to
the role of the human operator is the question of

- whether humans or machines should be assigned to

tasks in which they may be ‘“‘ganged up on'’ or over-
loaded. Our information here is very sketchy indeed.
We do know that humans are notoriously variable in
their behavior under conditions of extreme stress.
Some break down completely; others tumn out a credit-
able performance even under exceedingly adverse con-
ditions, However, complex machines may also break
down under such conditions,

There is some evidence to suggest that under
overload conditions a human, in some ways, performs
better than does a machine. Under disaster conditions,
as an illustration, automatic dial telephone systems
ate known to have broken down completely under over-
load conditions when, according to informed opinions,
bhuman switchboard operators would have been able to
get at least some calls througi, Whether this is a
universal generalization we can make about compara-
tive man-machine performance is highly problematical,
but we should at least not discard completely the idea
that in some ways humans may function better than
machines under stress conditions.

Fallability. The final consideration which needs
mention is the relative fallibility of a man to a
machine. Machines are by no means infallible, but in
general they can be made to carry out specific func-
tions with fewer errors than would be made by humans.
This raises the question of whether safefy should
depend on human alertness and decision making or on
automatic machines. Our answer to this is an un-
qualified assertion that the primary responsibility for
safety in air traffic control should not rest primarily
on humans. This leads to another important working
principle.

It is our conclusion, based on what we know
about human abilities, that as a rule machines should
monitor men. We suggest as an important working
principle that checking, verifying, and monitoring
equipment be devised that will make it impossible for
any human in an aircraft or on the ground to violace
basic safety rules, such as assigning two aircraft to
the same block of space. This is the reverse of the
commonly-exptessed idea that men should monitor
machines. We are suggesting that in general machines
should monitor humans.

What Can Men Do Better Than Machines?
In our search for a general answer to the problem

of dividing responsibility between men and machines,

it would help us considerably if we could find some
general answers to the problem of what people can do
better than machines, and vice versa. A listing of
those respects in which human capabilities surpass
those of machines must, of course, be hedged with the
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statement that we cannot foresee what machines can
be built to do in the future,

1. Sensory functions. One respect in which human
capacities often surpass those of instruments is in the
sensory functions. Tl s is especially true of absolute
sensory threshold., 1.e. the minimum absolute energy
necessary for sensory detection, The human eye, for
example, is capable of detecting the flare of a match
15 miles away on a dark night. It can detect the pre-
sence of a black wire, 1/16th inch in diameter, viewed
against the clear sky a quarter of a mile away., The
human ear is so sensitive that it can almost detect
the random collisions of molecules of air. It is far
more efficient at low energy levels than any existing
microphone. On the other hand, machines can be de-
signed to respond to energy outside the wavelength
bands to which our eyes and ears are sensitive. We
shall not dwell on this problem any longer except to
point out that psychologists, physiologists, and physi-
cists have accumulated a vast amount of basic infor-
mation about human sensory capacities. It is one of

the areas in which many facts are known. Design
enginecers who have particular problems in this area
can easily secure the information they need by con-
sulting industrial or engineering psychologists. (See,
for example, the Tufts College Handbook of Human
Engineering Dota.)

2. Perceptual abilities. Closely related to the
above is the superiority of the human in perceptual
abilities, particularly with regard to what psycholo-
gists call stimulus generalization. As an illustration,
nearly every time you see your car you see it under
varying conditions of illuminations, with varying
amounts of dust on it, and from different angles. Yet
you ordinarily have no difficulcty at all in distinguish-
ing it from other cars. In other words, you generalize
your memory of your own car and recognize it even
though the energy pattern acting on your eyes is al-
ways different. Abstract conceptual qualities like
squareness, roundness, triangularity, are easily

grasped and used by the norma! person even though
triangles, for example, come in an infiniture of shapes.
We should note that engineers have not succeeded in
producing instruments which have the versatility of
the human in these capacities. The conclusion here
is that a human is very good at sizing up complex
situations quickly, especiclly if data are encoded and
displayed in such a way that he can use perceptual
capacity to the maximum (i.e. if adequate ‘‘pictorial’’
or familiar ‘‘patierned’’ displays are used.)

3. Flexibility. Another special capacity of the
human is his ex . .ordinary flc zibility and ability to
improvise, These abilities are still incompletely
understood by psychologists, but they represent im-
portant respects in which humans surpass machines.
The amount of flexibility a machine has is fixed by
the amount that was buile into it. The machine will
attempt as many different kinds of solutions as its
designer planned for andno more. Experiments on
complex problem-solving in humans, on the other hand,
‘show thathumans may attemptmany different solutions
for the same problem~ just think of the number of
ways in which this paragraph could have been written
to convey essentially the same point. Flexibility is

| especially important in a changing and evolving

system, such as one¢ in which new techniques are
constantly coming into use. It also provides insur-
ance against complete breakdown in emergencies.
The conclusion here is that if flexibility in a system
is important, it probably is a good plan to let human
beings play an important role in the system.

4. Judgement and Selective Recall. T'-e nebulous
ability we call judgment also appears to be unique in
the human. In large part, judgment is due to the su-
perior ability of the human to store large amounts of
information and to pull appropriate information out of
long-term storage at the appropriate time. This is
what we ordinarily call memory. People do not re-
member everything they see, hear, or learn; but the
things that are remembered are somehow integrated
with the mass of material already there and are avail-
able for recall years later,

Good .judgment is a crystallization based on ex-
periences which resemble, but are not quite the same
as, the situation facing a person now. An experienced
controller may have an emergency situation which is
not exactly like any other emergency he has ever seen.
But if he has been properly selected and trained, he
is capable of drawing upon similar experiences he has
seen, or merely heard about, and of exercising good
judgment in facing the present emergency. This kind
of ability has not yet been built into a mackine.

Machines can be constructed with memories, it is
true, but the machines so far devised are not very ef-
ficient ac the kind of selective, long-term storage
needed in handling unique problems. The conclusion
here is that to the degree that we fail to reduce all
operations to logical, pre-set procedures, we need
people around who can make judgments.
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5. Reasoning. As we shall see later, automatic
computers are superior in speed and accuracy to
human beains in deductive reasening, but no success
has been attained in constructing a machine which
can perform inductive reasoning. Inductive reasoning
is that peculiar abilicy which mathematicians and
scieatists use when they formulate new principles on
the basis of masses of empirical data, The original
idea that formed the basis for Einstein’s theory is an
example of inductive reasoning although many of the
later refinements of the theory probably have resulted
from the process of deduction,

In summary then, we can see that the human
carries within him some remarkable powers that can-
not yet be duplicated by machines, especially abilities
needed to deal with changing situations and unfore-
seen problems.

What Can Machines Do Better Than Men?

Humans, however, do have many faults as well as
good points and it behooves us to list these as well,
In general, machines excel humans in the kinds of
things we have already tumned over to them in our
society—especially tasks requiring great strength,
and wasks of a very routine nature,

1. Speed and Power. Although machines do not
bhave many of the sensory and perceptual capacities
that humaas do, they far excel people in the ability
to respond quickly and powerfully, Even under ideal
conditions a man requires over. 0.1 second before he
can start to move a control in response to a signal,
while in most normal work situations his lag time is
even longer. Milton and others (1947), for example,

measured plot reaction time in the air antl found an
average lag of 1.55 seconds before they initiated a
movement in instrument recovery problems. The time
was 1.35 seconds for contact recoveries, In these ex-
petiments pilots were blindfolded and disoriented,
then shown either their instrument panel or the ground
and asked to re-orient and level the aircraft. An auto-

pilot would, of course, respond much more quickly.
Machines canbe devised to make movements smeother,
faster, and with greater power than humens.

2. Routine Work. Machines excel humans in repeti.
tive, routine tasks. Machines can be- counted on to
make fewer errors in routine tasks, and to turn out re-
sponses that not only are quicker, but are far more
uniform than a person can make. They also do not be-
come bored and inactentive.

3. Computation. Machines are more efficient com-
puters than humans--no matter whether the computa-
tions are simple or complex. In the latter case, a
machine can examine all the possible deductions from
sets of postulates, reject those which are invalid, and
act upon those which are valid. It is important to re-
member, however, that the rules of operation, the
postualtes, must be built into the machine.

4. Short-term Storage. Machines appear to excel
humans in short-term memory. There are many jobs
in our present society that call for short-term storage
of information, followed by complete erasure of the
data in preparation for another task. Machines can be
buile with this kind of memory, Humans, on the other
hand, are not so good at it. They especially have
difficulty in completely erasing information in short-
term storage. Also, it is sometimes difficult to be

‘sure that a man has noticed and remembered a par-

ticular fact-this is why controllers often ask pilots
to verify that they have understood certain eritical
information.

5. Simultaneous Activities. Finally, a complex
machine is capable of carrying on more different ac-
tivities simultaneously than is a single human being.
We are talking here about decisions and activities re-
quiring some degree of attention-got reflex or auto-
matic processes like breathing, There is much inform-
ation to indicate that when he has to employ his
highest intellectual abilities man is essentislly a
one-channel computer--he canonly work effectively at

1 solving one problem or attending to one thiug at a

time. Only when activities have been greatly over
learned can he do several things at once very effec-

{ tively and even then he may actually have to shift

back and ferth rapidly between the two activities.
The only way to get around this human limitation is
by adding more men to do the job.

These are some of the things we can say with
coafidence about the relative abilities of men and

] machines. They provide a starting poiat. However,

it is obvious that we need much more information of
this sort—more specific information about human cap-
abilities and limitations in performing different tasks--
before we can determine the optimum division of labor
between men and machines.

We tumn next to the question of division of re-
sponsibility between different human beings in the air-
navigation and traffic-control system.
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C. Division of Primary Responsibility
Between Human Operators

In any efficient air-navigation and wraffic-control
system there must be a clear division of primary re-
sponsibilities between the different human beings in
the system. The exact nature of their responsibilities
caanot be determined without knowledge of the equip-
ments in the system; nor can the nature of the equip-
ment that will give optimum system performance be
determined without some consideration of what the re-
sponsibilities of various human beings will be. Very
little research data are available as a guide to de-
cisions of this sort. However, some general princi-
ples can be suggested on the basis of what we know
about human characteristics.

How to divide responsibility between all of the
people working on the ground versus all of those work-
ing in the air is a very important matter. It is also a
very difficult problem to answer, The techniques of
systems research, which are discussed in a later
section, can be applied to this kind of problem.

This particular problem is sa broad, hcwever, that
it will be very difficult even by these techniques to
secure conclusive answers. Among the difficulties
confronting the research worker are those of changing
operutional conditions, or even of simulating different
conditions, in order to try out different allocai.ons of
respoasibility. It will also be very difficult to insure
that each condition is tried out impartially and the
results measured objectively. It is our conclusion that
extensive use should be made of expert consultants,
including Industrial Psychologists and Engineering
-‘Psychologists, in arriving at decisions about the al-
location of major responsibilities of this soct. Re-
search on certain aspects of the general problem is
also indicated.

The problems of allocating responsibilities within
a group of different human operators doing closely re-
lated tasks are similar to those just considered. These
problems include the division of work load between a
pilot and co-pilot, or between two ground controllers.
In this case, it will be easier to conduct systems re-
search. The systems to be studied are smaller and
this makes simulation, systematic variation, and
measurement easier, Problems at this level, whether
they involve operational procedures, human-engineer-
ing improvements, or requirements for future equip-
ments, can usually be studied by the technique out-
lined in the later section on systems research.

Fortunately, we already know a good deal about
some of the factors that determine how many and what
kinds of things one individual can do, and there are a
few general rules for dividing responsibilities between
different men, and between men and machines, Here
are two useful principles,

1. Who should make decisivns. Other things being
equal, th¢ person who is best informed obviously is

the best person to make decisions. A related principle
is that decisions should be made near the point where
bayvic information is derived-thus minimizing exten-
sive communication links. Pilots have direct access
to local air-derived information, such as data about
the aircraft’s altitude, about operating conditions, a-
bout icing conditions, and about the amount of gaso-
line remaining, They are the logical people to make
on-the-spot flight and navigation decisions.. Ground
controllers have direct access to ground-derived and
ground-stored information. They are informed about
meteorological conditions, traffic loads, and schedules
over a wide area, They are the logical people to plan,
coordinate, and expedite the flow of craffic. In both
cases, however, they should have all possible aid in
analysis and computation, whether this is accomplish-
ed by other men or by machines. Data-gathering and
decision-making siiould be carefully coordinated.

2. Equalizing work loads. Usually the most effective
division of responsibility is one in which the work
load is equitably shared by associated workers. The
future traffic-control system must not overload the
single pilot of a jet fighter, but at the same time it
should permit efficient use of several persons on large
transports, Often problems of work assignment can be
clarified by determining the number of different tasks
performed by a particular person and the relative im-
portance of each task. The pilot who is making an
instrument approach, for example, is a very busy man.

Two methods have been developed recently for
reducing the work load of the pilot in this particular
situation. One method is for a radar (GCA) operator
on the ground to monitor the plane’s position in azi-
muth and in elevation during its approach and pec-
iodically to give the pilot headings and rates of de-
scent to fly. This relieves the pilot of one series ot
activities, that of cross-checking course-deviation
and heading and deciding which heading to fly.

The other method is to provide the pilot with an
airborne computer of the ‘‘Zero Reader’’type that will
tell him what bank and pitch changes to make from
moment to moment in order to stay on the correct
approach path. Other ways of simplifying the pilot’s
task during an instrument approach are undoubtedly
possible, The point here is that we cannot expect a
system to work if we overload one man.

D. Some Important Issues not Directly Dealt
ith in this Report

This is a good place to.mention several issues
that are of importance for human engineering, but are
not directly dealt with in this report,

Technical Feasibility

Research in human engineering should keep
abreast of new engineering techniques, and new equip-
ment developments if it is to foresee human operator
problems and provide information in time to influence
the design of new items. Although this kind of back-
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ground information has been coasidered in preparing
the present report, it is noc discussed explicitly.

Decisions about what human operators will do
and what machines will do in any particular system
involve balancing the increases in safety and efficien-
cy against monetary costs. For any fixed amount of
money that can be invested in a man-machine system
there is probably a unique combination of human and
machine elements that will maximize efficiency.
Human-engineering research can furnish part of the
data nrcded to determine this optimum combination,
but again, we have avoided any discussion of these
economic problems.

Manpower and other Personnel Problems

Many different buman activities are involved in
designing, producing, and maintaining a man-machine
system as well as in operating it.

Training. Manpower costs include those of train-
ing. Training costs may be high or low, depending on
the design characteristics of the equipment that men
must learn to operate. As an illustration, our analysis
of present air-route-traffic-control centers revealed
wide dissatisfaction with the new flight progress
boards. In most centers these boards are arranged in
such a way chat the assistant cannot see what the
controller is doing. For this reason he cannot assist
the controller in many important aspects of his work,
and receives little on-the-job training as a controller.
Because of this, the CAA may soon have to establish
special schools for training coatrollers, whereas the
older type of boards were well suited for in-service
training, Similar problems arise whenever pilots or
ground personnel are trained oa the job. Training time
is an important criterion for the design of many items
of equipment.

Maintenance of Skills. Tasks can be set up so
that human operators eventually become deficient in
certain importanc skills which are infrequently used.
As an illustration, a pilot who relies too much on the
auto-pilot'may lose some of his skill in manual control,
or one who routinely uses automatic landing equip-
ment may lose his skili in making manual landings.
This in tumn creates special training problems, par-
ticularly training for emergeacy operations, We have
not considered this problem directly, but it is another
criterion for judging the goodness of equipment design.

Job Life. Still another aspect of the manpower
problem is the effect that equipment design may have
on the number of years during which a man can hold a
particular job or series of related jobs. Most traffic
controllers today believe that their jobs can be done
only by fairly young men. Many coatrollers told us
that fifteen years is considered a long time to work
as & taffic controller. Also there ace few opporcuni-
ties for advancement. It is obviously a waste of man-
power if workers become unable to hold their jobs
after such a short work life, unless these workers can

move on to other jobs where they can utilize their ex-
perience.

Equipment Maintenance and Calibration. All
equipment, especially complex automatic equipment,
requires human maintenance, calibration, and checking.
It is obviously important to design equipment so that
maintenance time is minimized, and few human errors
are madc in adjusting machines. In this connection we
want to point out the similarity in consequeace of
calibration and maintenance errors on the one hand,
and errors made by human beings using nonautomatic
equipment, on the other hand. All sources of human
etror will not be eliminated by going over to automatic
equipment.

Although this report does not deal in detail with
these problems, all of the manpower and personnel
factors mentioned above--initial training, maintenance
of proficiency, life span of operators, and equipment
maintenance-must be considered in planning for an
efficient man-machine syste 1, In this regard the re-
search programs on personnel and training problems
in aviation will contribute to the engineering devel-
opment program.,

Y

E. Summary

Men versus Machines. In this section we have
considered the roles men and machines should have in
the future air navigation and craffic conzol system.
We have surveyed the kinds of things men can do
better than present-day machines, and vice versar
Humans appear to surpass present-day machines in
respect to the following:

1. Ability to detect small amount of visval or a-
coustic energy.

2. Ability to perceive patterns of light or sound.
3. Ability to improvise and use flexible procedures.
4. Ability to store very large amounts of information

for long periods and to recall relevant facts ot
the appropriate time.

5. Ability to reason inductively.
6. Ability to exercise judgment.

Present-day machines appear to surpass humans
in respect to the following:

1. Ability to respond quickly to control signals, and
to apply great force smoothly and precisely.

2. Ability to perform repetitive, rovtine tasks.

3. Ability to store information briefly and then to
erase it completely.

4. Ability to reason deductively, including com-
putational obility.

5. Ability to handle highly complex operations, i.e.
to do many different things at once.
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Monitorine We believe that men, oa the whole,
are poor monitors. We suggest that great caution be
exercised in assuming that men can successfully
monitor complex automatic machines and *‘take over’’
if the machine breaks down. We believe that engineers
should seriously consider systems in which machines
would monitor men, especially in respect to matters
of safety, and prevent them from making serious mis-
takes.

Overloading. Both mer and machines are likely
to break down or become unstable if overloaded, Men
are subject to emotional stress caused by personal
problems and other ‘off-the-job influences. However,
it is possible that in some ways humans can do a
a better job than machines under overload, or stress,
conditions arising on the job--at least they may sup-
plement machines in this regard, especially in situ-
ations where flexibility is an asset.

Flexibility. One of the greatest benefits to be
gained from including buman elements in a system is
increased flexibility in adapting to changing demands.
A proficient and well-trained human operator usually
can adapt readily to the introduction ofnew equipment,
to the sudden failure of equipment, or to the occurence
of a unique and unforeseen problem, This particular
human capacity can be utilized to the fullesc only if
the overall system is properly human-engineered.

Research Implications. Most of the general re-
search objectives that we consider in the following
sections are not tied to any particular assumption as
to what the role of the human operator in the future
air-navigatica and traffic-coantrol system will be.

In some cases this has prevented us from formu-
lating research recommendations 1n as specific terms
as we could have had we been concerned, for example,
only with the present system,

Instead of uying to be unduly specific, we have
tried to think in terms of functions that may be per-
formed by human controllers in any system, In most
cases, suggestions for research are slanted towards
general human bebavior in broad contexts. Information
derived from such research programs will not only be
applicable to equipment of a certain kind and date,
but will anticipate problems and solutions in con-
nection with futusre equipment.

F. Recommendation

It appears likely, that for a good many years to
come, human beings will have intensive duties in re-
lation to air navigation and traffic control. It is ex-
tremely important that sound decisions be made re-
garding what these duties should be. As we have
indicated in the present chapter, many of the facts
that we know about human beings are pertinent to de-
cisions about the division of labor between men and
machines, We suggest later (see Research Objective
iX, Problem Area 1) that human engineering con-
sultants can be of great assistance when plans for
new systems are being made. Even though the prob-

lems are exceedingly broad, we believe that very
worthwhile progress can be made by research in this
area, especially by the systematic analysis of various
kinds of data that are alrzady available in aviation
and in industry. Therefore, we recommend the follow-
ing research objective:

Rosearch Objective |. Determination of the Relative
Abilities of Men and Machines 1o Perform Critical
Functions in Air-Navigation and Traffic-Control
Systems.

Basic research should be supported to provide
the principles on which decisions about the most
effective roles of men and machines can be based.
The decision to develop a machine that will
perform a certain operation usaally implies a
prior decision that a machine can do the job
better, faster, or more reliably than a man. At
the present time there are few rules that can be
followed in reaching such decisions. Information
is needed about such general topics as these:
a. What standards or norms of n. man
° performance can be expected when men
are assigned certain air-navigation and
traffic-control tesks and how much vari.
ability will there be between individuals
in the performance of these tasks?
b. To what extent will the various humen
tasks require wnusuol human capscities,
and long training programs?
¢. How can human performonce be meosured
in terms that will permit the meaningful
comparision of the effectiveness of men
and of particular machines when corrying
out cerfain tasks?
Collection and synthesis of known facts about
human abilities will help to establish some of
the needed principles. Some of the information
necessary for answering additional questions can
be obtained from existing records or can be
collected during routine operations. In other
instances, it may be necessary to conduct
extensive experiments to establish some of the
principles that are needed in this area.
llustrative Research Problems. In this report
we have advanced arguments in support of the
hypothesis that men cannot efficiently monitor
automatic equipment. This hypothesis needs to
be tested in various work siruations, and it may
be that the answer can be found by careful
surveys of typical industrial situations, such
as power plants or militacry lookout posts, where
men are now employed as monitors. As another
example, in this report we propose the hypothesis
thatunder certain circumstances men may function
better than machines under conditions of overload
and stress. This hypothesis needs to be
validated, and again the answers may be forth-
coming from a careful analysis of records from
the operation of automatic machinery, such as
dial ctelephone systems, during wartime con-
ditions, floods, partial power failures, etc.
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CHAPTER IV

A GENERAL APPROACH TO THE HUMAN OPERATOR
AS PART OF A COMMUNICATION SYSTEM

The peoblem of coutrol is, at its heart, a problem
of information. The decision to fly requires that some
person have enough information about people and
planes, and weather and places, so that he is willing
to initinte some action. His decision must be com-
municated, as an essential item of information, to
vthers. The decision to permit a take-off, the de-
cision to fly a given course, the decision to land just
these planes in just this order, each of these deci-
sions iavolves the same basic process. Someone must
assemble in one place, at one time, all of the indis-
pénsable information, commic himself and the people
wotking with him to a given course of action, and
communicate his decisions to others.

In the preceding chapter we have considered
some of the more general features of this particular
control situation. The most general control, it was
found, can be exercised before take-off. Thus the
control of the total traffic load in a terminal area re-
quires first of all that only a certain number of planes
take-off and fly toward that area. Once they have
arrived, both safety and efficiency require that a co-
ordinated, effort be made to get them down on the
ground. And in between take-off and touch-down the
pilet must navigate his plane as effectively as pos-
sible. In accomplishing these ends, a highly complex
system- of men an’ machines is constantly engaged.
It is the task of human engineers to examine the
human links in the total chain, and to insure that the
nman-machine team is a harmonious and effective one.

A few words should be said at this point about
one particular problem which is gcing to be given only
a small amount of space in this report, This is the
question of the manipulative skills needed to fly an
airplane. We are very well aware that chis is an im-
portant problem, and there are places in the control of
air taffic where it seems’ to be almost all-important,
as in manually-executed instrument landing systems.
But an account of the how and why of flying skills is
not our primary mission. We shall simply assume thet
we are dealing with pilots whe possess normal apti-
tude and skill, and, incidentally, with ground con-
trollers who are alert, intelligent, and adequately
trained.

A. Decision Making

As we have outlined the problem, the basic
human action involved in an air-navigation and traffic-
control system is the choice by a pilot or controller
of a particular course of action from among the
various alternatives open to him at the moment, De-
cision-making, choosing a course of action, we con-

FLAGSHIP
COLUMBUS

tend, lies at the root of the whole problem. Let us
see what this involves, borrowing for purposes of a-
nalysis from modern communication theory (see

Shannon and Weaver, 1949).

A control system requires of an operator a series
of choices. He must select & purticular route from a
set of alternative routes, a particular approach path
from a set of possible paths. If a controller on the
ground makes such a choice, he must communicate
this fact to the pilot, who is, in a sense, faced with
the same decisinn. In both cases, the selection of
the right course of action depends on the information
available, including that contained in incoming mes-
sages, and also tha: recalled from past experience
and training. Some decisions involve very specific
actions; .others such as the granting of a flight clear-
ance, involve long sequences of actions.

Traffic control is possible only when the ground
controller is able to assemble and take in enough in.
formation to make his choices, when he is able to
transmit to the pilot sufficient information to deter-
miné completely the course the pilot will attempt to
fly, and when the pilot is able to take in this infor-
mation, plus the other flight data needed to determine
how to manipulate his controls. The flow of informa-
tion to and from the human operators in the system is
one of the basic determinants of the performance of
the system.

B. The Nature of Information

Information, in this context, is being used in the
strict sense defined by modern communication theory.

’
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People respond to slight energy changes in their en-
vironment, which are called signals or stimuli. These
energy changes are not important as such but only as
they carry information. The amount of information a
stimulus carries does sot depend st all on what the
stimulus is; it depends on what the stimulus is in
comparison with what the stimulus might have been.
Suppose that a recipient knows in advance that a
signal can only be either present or absent. For ex-
ample, a pilot is waiting for a signal indicating that
he is cleared to take off. Its arrival is enough to de-
termine his choice. It divides the possible courses
of action by two, or, said in other words, it reduces
his ignorance to zero. Had the recipient been faced
with a more complex decision, involving perhaps
twenty alternatives, the simple signal would not have
been ecnough. Either a more complex signal would
have been required or it would have been necessary
to repest at least five times to determine the choice
among the tweaty alternatives. In short, the amount
of information provided by a particular stimulus
pattern depends on the number of alternative patterns
in the set from which the pattern is chosen. 1

Messages and Information,

A distinction is made here beiween a message
snd information. A message may consist of a given
sequence of words, a pattern on a cathode-ray tube, a

series of light flashes, or a complex encoded signal,

The same message may coatain a great deal of infor-
mation, or little information, or none at all. How much
it contains depends on the degree to which it reduces
the possible courses cf action open to the receiver.
In the case of the human, this depends on the total
coatext in which the message occurs, and particularly
upon his past experience in similar situations, i.e.
upoa his stored information.

As an illustration of this distinction between a
message and information, consider the mote or less
continuous chatter from the loud-speakers in an air-
port trafficecontrol tower. This is a flow of messages
from plages taking off or approaching.

To the novice, these messages are about 99 per-
cent uaintelligible; yet the tower operator receives
them and acts on them with little appacent difficuley,
His ability to act on most of them is largely dependent
upon the fact that, deapite the length of the messages,
they convey relatively little information.

Recent studies by the Air Force Human Resources
Research Laboratory at Bolling Air Force Base in-
dicate that air-to~tower messages are between 75 and
90 perceat redundant. Through experience, the tower

ln communication theory the commonly used measure
of information is the Bit, The aumber of Bits in a
message equals log,N, where N is the number of al-
ternatives; the number of Bits also is the number of
binary digits necessary to specify a particular one of
the N alternatives.

operator has learned what to expect—=he knows peetty
well what planes are in the air and when they may be
expected to arrive, what information they will require
and at what point in their approach they will ask for
it

In other words, he does not need much of the
message, because he is acting to a great extent on
the basis of ‘‘stored” information. In order for the
casual listener, who does not possess this wealth of
stored information, to comprehend and act on dhe
message it would need to convey much more infor-
mation than the untrained person could perceive oa.
one hearing.

What Information the Operator Wants.

The amount of information coaveyed to the oper-
ator also depends on the nature of the device that
gives him the message and what questions he asks of
H

Take as a second example, meter or dial readings.
A given pointer on a dial may have any one of the
of the following three functions: (1) it may serve as o
check instrument, (2) it may give a qualitative in-
dication, or (3) it may give precise quantitative deta.

The first indication contains a minimum of infor-
mation, just an OK or not-OK. The second permits the
choice among & number of alternatives. The third in-
dicates a choice among a greater number of alter-
natives, and also permits the observer to resort to
a large amount of his stored information about mertric
scales,

Which of these functions & given pointer serves
depends both on the nature of the instrument and upon
the kind of question the observer asks of it.

C. The Form Which
Information Takes: Encoding

While the form that a message fakes may not de-
termine the amount of information that it contains, it
may have a good deal to do with the efficiency with
which it is transferred. This choice of message form,
or the transformation of information from one message
form to another, we shall call the problem of enceding.
A familiar example is the use of binary as opposed to
decimal digits. We may write either 111011 or 59,
Another example would be the comparison of our
modern alphabet with Chinese characters. The same
amount of information can be represented by a series
of choices, each from a smaller set of alternatives, ot
by a single choice from a large number of alternatives.
Within certain practical limits, we can substitute
length of message for complexity of symbols, and vice
versa.

Complexity vs. Length,

From the above examples it may be seen that
there are important psychological differences among
various forms of messages. In general; a binary sys-
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tem is inefficient for use by humans; for example, a
long learning period is required in order to achieve
reasonable speed with Morse code. At the other end of
the useful range is a system which employs thousands
of characters, such as Chinese pictographs. These
also can be used only after many years have been
spent in their mastery.

The optimum range lies between these extremes,
and it most probably involves a smallér number of
symbols if the learning must be rapid; more symbols
if highly-trained personnel can be employed.

The Total Information Avallable.

Within this broad optimum range, there are circum-
stances in which the total available information, rather
than message form, appears to be important. The
following test was made on a voice communication
channel by psychologists at the Harvard Psycho-
Acoustic Laboratory. At a given ignal-to-noise ratio,
all the “‘words’ of a small vocabulary--four mono-
syllables--were intelligible. When the ‘‘words’’ were
chosen from a larger vocabulary of 1,000 monosylla-
bles, and were heard at the same signal-to-noise ratio,
it was necessary to repeat each sound about five
times, on the average, before it was correctly identi-
fied.

From the point of view of communication theory,
if we assume that each monosyllable is an independ-
ent signal, then one ‘‘word’’ from the larger vocabu-
lary carries as much informatior. (10 bits) as do five
“words’’ from the smaller vocabulary (5 x 2 bits), and
a single '"word' from the larger vocabulary would
seem on theoretical grounds to be more efficient.
Under the limiting conditions of noise, however, it
was found that the message from the larger vocabulary
had to be highly redundant, with the result that ap-
proximately equal information was transmitted by a
monosyllable of either vocabulary.

Optimum Balance,

The optimum balance between the number of
symbols used and the length of message will depend
on several factors, such as (1) the source of the in-
formation, the means of transmission, and the mecthod
of display, (2) the sensory channel (c.f. visual or
auditory) through which it is perceived, (3) the rate
at which it can be handled by the receiver, (4) limiting
conditions such as noise and irre'evant information,
and (5) the degree of training or instruciion that can
be given to the operator beforehand, Many of the par-
ticular problems that affect the optimum form of
messages will be discussed in later chapters of this
report. (see especially chapters V, VI, and VII).

D. Rate of Flow of Information

In a physical system, the maximum possible rate
of flow of information is intimately related to the band-
width of the system., Extremely high rates of flow are
theoretically possible providingan ualimited frequency
spectrum is aviilable. Such considerations have al-

most no bearing at all on the psychelogicsl probloms
with which we are dealing.

The rates at which & man can handle information
depend chiefly upon whathe does with the informacion,
how it is stored, analyzed, collated, transformed, and
finally acted upon. There is some evidence to suggest
that the maximum rate at which a man can take in new
information is rather low., Much more direct evidence
is needed on this point, but let us consider two
common examples,

The Practical Upper Limit of Information Input,
The upper limit of information input is a function of
particular man-machine systems, But there is-an upper
limit for any practical situation. As an illustration
suppose that a pilot is making an approach along an
instrument landing approach system (/LAS) glide path
using the cross-pointers that tell him about position
deviation from the correct path and other flight in-
struments that report the actitude, speed, etc. of the
aircraft, He suddenly breaks out of the overcast and

elects to complete his landing by use of direct vision
of the runway. The rate at which he must take in new
information is now very high. A correct initial estima-
tion of glide path requires that he first estimate his
altitude, distance from the end of the runway, rate of
descent, and drift.

Several seconds are required to assimilate this
information from the new source and to make a new
determination about the correctness of his approach
path. If a substantial correction is required, the time
may be too short.

As another illustration, consider the Air Route
Traffic Controller when an unexpected, itinerant air-
craft suddenly enters his sector at a time when traffic
is already near the saturation point. It will require
quite a few secondsto decide what to do in this case.
It is our best guess that both these situations tax the
upper limit at which information can be assimilated
by the human operator.

Potential vs. Actual Information. In trying to
discover what is the upper limit at which information
can flow to a human operator, it is of the greatest
importance that the distinction between pofential
information--the message--and the «ctval information
taken in at a given timebe kept in mind.

A pilot who is making a visual-flight-regulations
(VFR) approach to a familiar airport needs to take in
very little new information per glance, even though
there is a greatdeal of potential information available
to his eyes. As we should like to emphasize later,
there may be terrific' redundancy in a sequence of
familiar visual inputs whether they Le from a television
screen or from a direc: iew of an airport. On the other
hand, a single glance at a new visual pattern may
make available a very large amount of information.

Central Processes, Not Sensory Ones, Limit
Input. A little reflection suggests that the limit in
these cases is not a sensory one, Either the eyes or
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the ears alone can take in more information than the
brain can handle,

The results of recent cesearches (Toubman, 1950)
illustrate this point very well, The ear is easily able
to hear bursts of sound as distinct pulses when they
occur at frequencies of 20 per second. Yet human ob-
servers canrot count 5 pulses of sound accurately
unless they are separated by an interval of about an
eighth of a second.

Similarly, the eye can easily see distinct flashes
of light if they occur at a rate of 20 flashes per second.
But a8 human cbserver cannot be relied on to count 5§
flashes of light accusrately unless the flashes are
separated by about a half sccond.

Errors occur almost uniformly because humans
underestimate the number of pulses or flashes, and
this undoubtedly accounts for the results of other
studies which show numerous errors among Morse-
code operators in reading 5's (.cees) as H’s (....),
H’S(vees) 28 S'8 (000), 6’8 (=00s0) a8 B’s (=...), and s0 on,

Many other similar examples could be given of
the brain's limited ability to comprehend new in-
formation rapidly. A more important factor than the
sensory channel used often is the manner in which the
message is organized. This is agaio the problem of
formulation or encoding.

Organization of Messagos ond Rate of Flow of
Information. It is reasonable to expect from what we
know about human perceptual and thought processes,
that the rate at which information can be assimilated
will be a function of the way the message is organized,
that is, the particular way in which the information s
encoded.

Humans have an unquenchable desire to organize,
construct, pattern, and arrange things in ways which
"make sease’’, This, in turn, helps them to assimilate
information. The combination of letters ‘‘moirzgaaoin’’
may contain as much information as the combination
"‘organization’’ but the latter can be recognized and
grasped in a fraction of the time required to assimilate
the former, '

Kaufman et a.. (1949) found that the maximum
number of randomly arranged dots which can be per-

c-ived at a glance is about six, but from other studies-

it seems reasonable to expect that 16 or even 25 dots
can easily be perceived simultaneously if they are
arranged in a square. In another study by Vince, (1949)
subjects were required to respond to visual signals
by tapping. When the visual signals were presented
singly, the maximum rate of tapping was about 2 per
second. When the visual signals were patterned in
time, however, the rate of tapping increased to about
7 per second. In short, patterning the visual signals
enabled subjects to assimilate and respond to more
information. Research on patterning of dials (see
Chapanis, Garner, and Morgan, 1949, and Warrick and
Grether, 1948) is also relevant in this connection,

Although psychologists often can make some

pretty shrewd estimates about the way pacterning will
affect the rate of information input, we still need much
research on efficient ways of patterning or constructing
all sorts of messages so as to make them easier for
humans to grasp.

The Lower Limit of Information Input. If there is
an upper limit to the rate at which a man can take in
information, there is also a kind of lower limit, par-

ticularly in terms of the efficient use of the operator.

If a pilot wants to know the rate at which he is de-
viating from his correct localizer position, he cannot
get this from a quick glance at the ILAS localizer
needle, It may be necessary to check the ILAS in-
dicator several times, while cross-checking with
other instruments, and remembering the previous read-
ings. just to get a few bits of information.

Similarly, the present practice of relaying informa-
tion to traffic controllers via company radio or an
intermediate CAA facility slows up the informational
input well beyond the limit of maximum human effic-
iency, The trouble is that a human operator is not a
passive recording device. He is engaged in manifold
other activities that seriously perturb the system in
question.

The siower the input beyond a critical valve, the
greater is the chance of error. An important problem
for research is the determination of limiting conditions,
upper and lower rates, for different kinds of inputs to
the human in different kinds of activities.

E. Storage of Information

If the human operator has a restricted range of
inputs so far as rate is concerned, he does not possess
the same limitation in another dimension, namely,
longsterm information storage. As a matter of fact,
theoretical considerations suggest timt the long-term
storage capacity of a single human beain probably far
exceeds that of all the computing machinery that has
ever been buile, However that may be, it is certainly
very large.

For the present purpose we can distinguish three
kinds of information storage-transient, short-term, and
long term,

Tronsient Retention. First of all, it is evident
that this human organism possesses a moderately good
capacity for the transient storage required to deal with
events that occur very nearly together in time, say
within & 0.5-second interval, Successive musical notes
or the group of dots and dashes making up a single
Morse code character are perceived as being present
“now’’. Some recent theorists (see Hobb, 1949) have
speculated that this may be a kind of circuloting
memory,
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. We are not concerned in this repoet with the
shortest transient storage that covers the -psycho-
logical present, except to mention in passing that
people often make errors in judgments of simultaneity,
especially when their attention is centered on oneof
the events, or when the second event is mote intense.

Transient storage operates principally as a
smoothing or equalizing mechanism that adjusts the
rate of assimilation of information into the human
system. Over a matter of seconds, f{or example, a
person can ‘‘play back’’ something he has just heard
in order to analyze or think about it. He may take an
appreciable time to get the point. There is the same
storage capacity for things seen—although in neither
case are limits well known in informational terms.

Short-term Storage. Storage beyond the transient
level involves what is conventionally called memory
and learning, & field too complex for more than pass-
ing mention. For the purposes of this report we be-
lieve that two types of leaming can be distinguished.
Let us call them simply short-term storage and long-
ferm storage. By shori-ferm storage is meant the
ability of the operator to retain the information that
is relevant to the particular problem with which he is
faced at the moment,

‘There are real limits to such memory, and poorly
plaaned procedures in an aircraft or control tower tax
‘them, The basic phenomenon is retroactive iahibition,
which occurs whenever a person tries to remember &
lacge number of highly similar items. The conflict
between these similar items results in pactial for-
getting and confusion during recall,

Confusion of this kind may be lessened (1) by
encoding informstion in such a way that there is not
too much similarity among the items to be zemem-
bered, (2) by simplifying the task to be accomplished
by a single operator so that he needs to consider less
information in meking decisions, (3) by providing
messages that are already potterned for grasping as
larger units, and (4) by the use wherever possible, of
symbolic substitutions so that an operator relies less
on short-term (although probably more on long-term)
information,

It must be noted in passing that confusion is
often due to similarity in meaning - but a discussion
of this aspect of the problem would take us too far
afield,

Long-term Storage. By long-term storage we
shall mean all of the effects of training and experi-
ence of the individual that provide the framework
within which a given decision is made, such as the
individual’s knowledge of language and his knowledge
of spatial relations. It would be possible to consider
this information on a par with new and current infor-
mation. But this presents us with an almost insoluble
problem--the number of possible courses of action in
this case is very, very large and, correspondingly,
the amount of stored information is, to say the least,
difficult to compute,

It seems desitable to take an altemative view,
namely, that it is the function of leng-term sterage to
limit and define the possible courses of action with
which we are concemed at any one time. Thus, we
can limit ourselves to the choices open to an experi-
enced piloc who speaks English and who is about to
land at an airport with which he thoroughly familiar.
It becomes, of course, an empirical matter how large
are these subsets, but this problem would appear at
least to be of workable proportions.

The principal problems of long-term storage have
to do with what are the various subgroups of alter
native responses with which a given individual is
provided at a given moment. These subsets include,
besides his language, his knowledge of spatial re-
lation, and other kinds of numerical or symbolic short-
cuts; and the more-or-less permanent '‘sets’ or atti-
tudes, such as an attitude of caution with which he
approaches a particular problem. A number of these
problems present very promising areas for basic re-
search,

F. Perturbation.

Up to this point the flow of information has been
treated as if it were a process of almost mathematical
precision, In reality, of course, any real system is
subject to disturbances of maay kinds--let us say that
there is always perturbation, just to give the process a
very general name, We now face an lnteresting point.
So far as the recipient of information is concerned,
the tesult of perturbation is no different from any
other information as long as he is dealing with the
single. chagnel.

To take an exxremely simple example, if a pilot
has no other information, a flashing light actuated by
a fan macker is no different from che flash caused by
the chatter of a relay or by spurious cransmission.
The point is simply this - error in any system cannot
be defined unless there is some independent, extra-
system criterion against which an event can be com-
pared.

Tha Criteria of Ferturbation. There are many
ways in which an external criterion of error or per-
turbation may be set up, but let us note that some
critetion is always necessary. The following are a
few examples:

1. A person has independent knowledge by another
channel or at a later time of what information was
transmitted. A comparison of transmitted and received
information reveals ‘‘errors’’. Thus we monitor a
communication circuit by feedback of received infor-
mation. A similar, but less reliable, determination
of information transferred is obtained by monitoring
the actions of the recipient.

2. Through instruction or previous knowledge, it
is agreed that hisses or crackles in a voice channel,
or '‘grass’” and '‘clutter” in a video display are
"‘noise’’. They are put into a null class and provide
only irrelevant information.
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3. A person already knows what decision is to be
made and consequeatly what information he needs.
Other information is considered ‘‘irrelevant’ to the
problem,

The Effect of Different Kinds cf Perturbation.
In many ways these three types of perturbation are
strictly equivalent. The result can be put in prob-
ability terms--on the basis of a given amount of in-
formation which is received, the greater the pertur-
bation, the less is the probability that the course of
action chosen will be the desired one. Or, if there
is set up some standard of excellance that must be
achieved, then the greater the perturbation, the more
redundant must be the message in order to achieve

that standard.
To emphasize for the moment a general point that

will be repeated later in coanection with particular
forms of display, let us note that irrelevant infor-
mation is at least as bad as ‘'noise’’ in a system,
Actually it may be much worse because it may take
longer to identify and discard than strictly random
perturbation. While there may be important differ-
ences among noise and irrelevant information, just
now we would like to emphasize the likeness,

A further point should be made. There is nothing
about the information itself, or the perturbation, that
is inherently good or bad. It is only when the system,
or the individual, is limited in some way that a prc-
blem arises. Thus if a person can assimilate infor-
mation only at a rather limited rate, the inclusion of
irrelevant information reduces the rate at which he
can make decisions and lessens the efficiency of the
system of which he is a part. »

G. Redundancy

Information is transmitted to the extent that any
of several possible events might have occurred. In
order for information to be a maximum the probability
of each event in a sequence must be independent of
other events in the sequence.

Very often this is not the case. The next letter
or the next word in speech is actually chosen from a
very limited set and tells the listener little that he
did not know before. Thus we see that the efficiency
of a system may be reduced by redundancy. Shannon
(1948) has extimated that the redundaacy in terms of
letters in English text is somethings over SO per cent.

Redundancy and Noise. Let us point out that
redundancy is in some ways just the opposite of
noise. A highly redundant flow of information is a
highly determined sequence. Thus a sequence leoft
loft left left loft is structured and redundant. In
contrast, a perturbed sequence might be lhoies v
k n e, which is nearly random. In practice, the one
is often uged to offset the othér because a highly
redundant message seems to be received with fewer
apparent errors through a given amount of noise.
Actually, as was suggested by the experiment de-
scribed earlier on syllables chosen from the two

vocabularies, the gain is more apparent than real.
The amount of information transmitted is about the
same,

The important peactical question always is one
of encoding, whether to reduce error by exact repeti-
tion of a message having high informational content,
or by the use of a single longer and more redundant
message. These two are equivalent mathematically but
they may bave quite different effects on a buman recipient, :

Redundancy and Intelligibility. In some cases
increasing the redundancy of a message may increase
only slightly the peobability of getting the information
through. Thus if a pilot hears ‘‘Heading 145" as
‘'Heading 45'* he may continue to hear it that way
even if the message is repeated several times. Here
it may be better to ehcode the information differently
if it is to be repeated. For example, the tower oper-
ator could say “Come in over the lake'. Another
interesting possibility is to give the same information
to the eyes and to the ears instead of just repeating
it through one sensory channel,

Finally, let us point out that both perturbation
and redundaacy decrease the amount of correct or re-
levant information communicated through a clear
channel,

H. Research Problems

It should be clear from the discussion above that
the measurement of human informational capacities
constitutes a research area of basic iuterest to the
development of air-traffic-control systems. The basic
problem is the rate at which a human can assimilate
information, and the conditions that permit a maximum
rate,

Informational Capacities of Different Sensory
Channels. Thete is some evidence at present that
the amount of information that can be assimilated in
a beief period of time approaches a constant as a limit,
Ve need more evidence on this point and, in particu-
lar, we need data on the informational capacities of
the various sensory channels.

It iy commonly believed that visual presentation
is more efficient than auditory, Research supporting
this view, however, has not taken into account the re-
dundancy in both visual and auditory messages, nor
the adaptability of the two sensory chaanels to differ-
ent ways of encoding information. Techniques for
handling this problem have, to some exeent, been
worked out, and it would seem possible to determige
the capacity function in terms of informatica rather
than reproduction or action on the message.

Informational Capacity Over a Period of Time.
The amount of information absorbed over a period of
time is not a simple integration of the instantaneous
capacity., The exact form of this function can and
should be determined. Given such measures it will
be possible to determine the optimum spacing of
messages in time,
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Information Assimilated in Relation to Amount
Available. Another important parcmeter involves the
amount of information assimilated as a function of the
amount of information available., There is consider-
able evidence that a man can he swamped by too much
information, Too much may well be as disastrous as
too lictle. On the other hand, men have importunt
sources on which they can draw in circumstances like
this, Given time enough, they usually simplify their
problems by making a symbolic transformation, substi-
tuting a single symbol for a pattern of underlying
items. Or they simply learn to disregard some of the
available information. The general problem, then,
has the following two parts:

1. What is the effect of irrelevant information on
the rate of utilizing relevant information? Is the ef-
fect of redundancy the same?

2, What happens in the case where all of the in
formation is relevant, and whcre a large amount of
information is needed? If the informational need ex-
ceeds the person’s capacity, what protective devices
are available? This part of the problem involves both
‘encoding and storage. When pressed, the human tends
to encode the available information into the most
efficient form, to store it,and to put off the decision
until sufficient information is on hand,

Breakdown occurs when there is not time for
this encoding process.

Research is needed to determine the conditions
under which such a process goes on and in particular,
to determine if there are optimum means of presenting
information for storage--either short or long-term--as
opposed to presenting information for immediate
action, Such research is closely related to some of
the display problems discussed in other sections,
such as the problem of combination instruments or
the problem of how much information to put on a pic-
torial display.

Determining the Amount of Information Needed.
In one sense, the efficiency of a control system can
be given in terms of the ratio of information trans-
ferred to information needed. The research problem
involved here is essentially methodological. What
are the best means of determining the amount of un-
certainty--and thus, the amount of information needed
in any given situation or system? How does this need
change with time?

Asking pilots what decisions they have to make
represents one approach to this problem in the air-
traffic-control situation. This, however, is not suf-
ficient. We must have a more detailed analysis of the
sequence of action and a reasonably reliable es-
timate of the probabilities to be assigned to alterna-
tive possible actions.

Techniques have been worked out for obtaining
such data and assigning uncertainty values in simple
situations. Research is needed on practical ways of
extending these techniques to complex systems. The
interest in information-analysis here is related to
that in other chapters (see research objective III).

Recommendations

Raesearch Objective Il. Determination of the Capaci-
ties of Human Operators for Handling Information
in a Communication System.

To insure the effective integration of men and
machines, it is necessary to establish some gen-
eral principles governing the nature of the opera-
tor as a link in a control or communication sys-
tem. Decision-making, choosing a course of action,
lies at the root of the whole control problem.
_The selection of the correct course of action, in
turn, depends on the information available. As
one aspect of the research program, therefore, we
recommend the study of human capacities for
handling information and suggest that this study
be approached from the viewpoint of communi-
cation theory. ,

Problem Area 1. Factors Influencing the Rate
of Flow of Information. Studies are needed to
determine the information-handling capacity of
human operators. This capacity should be
measured with reference to such factors as the
way in which the information is encoded, the
sensory channel used, the regularity or spacing
of messages in time, the effect of mixing re-
levant with irrelevant information, and the
sffect of increasing the total amount of infor.
mation required for a decision.
lllustrative research problem. Test the follow-
ing hypothesis: The presence of irrelevant in-
formation retards the rate with which a pilot or
ground controller can handle relevant infor-
mation.

Problem Area 2. Redundancy. Studies are needed

to determine the optimum amount and form of
redundancy that will insure the fewest errors
by a human receiver of information.
{llustrative research problem. Tests of the
following hypothesis are needed: The literal
repetition of a visual or auditory message is
one of the least satisfactory ways of insuring
its correct reception - redundancy should be
introduced by repeating a message in a differ-
eat way,

Problem Areu 3. Methods for Measuring Human
Information-Hondling Capacities. Since this
is a relatively new research field, support will
haveto be givento the development of improved
methods of measurement in the areas mentioned.
We have so little experience to go on that our
statement of this problem area is of necessity
general in nature.
lllustrative problems. Messages used in current
traffic-control operations should be anaiyzed in
an effort to define basic message units. Units
of measurement should be developed that will
facilitate quantitative comparisons between
sych widely different means of communication
as verbal language, printed language, abstract
visual symbols, and scale-and-pointer patterns.
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CHAPTER V
VISUAL INFORMATION DISPLAYS

The term visval display desigaates any device
used to provide information for the eye of the human
observer. The characteristics of such devices that
concern us here are not the methods used to transe
form electrical, mechanical, or other signals into vise
ual sitmuli, but the characteristics of the visual
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stimuli provided by the device, such as apparent (S
brightness, color, spatial pattern and temporal pattern, E3S

In other words human engineering is interested in the
manner in which the information is formulated or en-
coded for presentatiou to the eye.

The need for further research on visual displays
is suggested at every stage of operation in the air-
trafficecontrol system. It is fortunate, however, that
the display problems of air control are very similar
to those encountered in the display of data in many
military information systems.

Display research that is now foremost in the ef-
forts of engincers and psychologists working o many
military contracts will, for the most part, be directly
applicable to systems of ait-traffic control. The pre-
sent research effort, however, is insufficient to solve
all the problems in the foreseeable future, and there
are certain important problems that no one has yet
gotten around to studying at all,

The following, in summary form, is a catalogue
of the most important research that yet needs to be
done. Although it is oriented primarily about the air-
navigation and traffic-coatrol display problem, this
discussion is sufficiently .general to apply equally
well to displays for many other purposes.

A. Determining What Information
Should Be Displayed

As we have emphasized before, the first step
must be to find out how much and whet kind of in-
formation & man needs to perform his particular task.
For the practical problem of designing displays, we
need to have an informational job analysis of the op-
erator’s task, both ground and air, as it will be in the
future, It is impossible to design a good display with-
out knowing what critical information it must provide,
and it is certainly a mistake to put moce information
on a display than is necessary just to avoid doing the
job analysis.

Such an analysis gives the framework within
which the real problems are set, These problems have
to do with what a man does in getting an answer out
of the information presented. Sometimes he has to
make only a simple comparison. At other times the
teadings of his instruments must be transformed, the
complex situation analyzed so that relevant items are
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selected, and new combinations of information made.

The nature and timing of these tasks of analysis,
comparison, transformation, and recqmbination have
much to do with the best way of displaying the data
with which the man has to work.

B. The Kinds of Displays That Are Available

There is no completely satisfactory way of class-
ifying visual displays in terms of the requirement they
place on the human operator who uses them. However,
several papers on the subject are available (see os-
pecially Chapanis, Gamer, and Morgan, 1949; Fitts,
1949; Grether, 1948; and Kappauf, 1949a). One of the
most discussed problems in the field revolves sround
a distinction between pictorial and symbolic displays.
The point at issue here is chiefly one of realism, the
extent to which the encoded information resembles the
kind of information one gets when using unaided vision
to observe things in nature. Because of the importance
of this distinction we shall consider it first and. then
take up some other special problems in the design of
displays.

Much complex data can be shovn either pictorially
or symbolically, The basic problem to be decided is
which method is best for what kinds of information and
for what uses of the information. The following is an
attempt to define precisely pictorial and symbolic dis-
plays, assess their general advantages and disadvan-
tages, and consider the factors that affect their use.
Much of this discussion is based on an earlier report
by Grether (1947),

Picteriel Displays
A pictorial display exhibits relevant information
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(1) by means of the same continua along which the

information itself is normally measured, and (2) without §

distortion of critical relations.

Realism. The great advantage of this type of
display is that it is easy to interpret. Length is
shown as length, angle as angle, color as color, and
distance as distance. If one aircraft is twice as far
away from the observer as another, it appears twice
as far away on the display. If one object is one-half
as large as another, it appears as such.

The most obvious examples of pictorial displays
are scale models and distortionless pictures. A less
evident type of pictorial display is the polar-coordinate
plotting board. Also included are televised pictures
and photographs. Maay radar displays employing

cathode-ray tubes, such as the plan position indicator [

(PPI), A-scan, C-scan, and E-scan, fulfill this defi-
nidoﬂo

In practice, of course, very few aviation dis-
plays are completely pictocial in the sense that they
represent all aspects of possible information ina
manner true to nature. There are many types of useful
displays, however, that depict relevant .information
pictorially,

A PPl indicator, for exemple, is not pictorial iv
trelation to the height of objects or their identities,
but it is completely pictorial in the portrayal of two-
dimensional information - all geometric relations be-
tween the objects portrayed are essentially the same
on the display as they are in reality. Being less sub-
ject to visual perspactive and size constancy effects,
the PPl indicator may even be more “accurate’’ than
a direct view of the scene.

Semi-Pictorial Displays. To have a pictorial dis-
play, it is not necessary to have accurate registry of
all sizes, shapes, colors, and brightnesses. The im-
portant factor is whether the critical relations are
shown in an undistorted mannet. If true size is a nec-
essary datum for the wansmission of essential in-
formation, it should be displayed accurately, If shape
provides required information, it should be displayed
with precision. -

In practice, complete realism in a display is
seldom desirable, In the first place, it is probably
advantageous to strip away much of the irrelevant in-
formation normally making for realism and to show
only the critical relations. In the second place, a
somewhat modified display sometimes looks more real
than an exact copy of nature, As an illustration, a
display for airpoct surface control might want to show
only the runways, taxiways, and parking areas, and
objects in these areas, and to omit all detail in the
remaining parts of the airport,

Probably much of the discussion concerning the
relative merits of pictorial and symbolic displays
stems from a lack of recognition of the fact that a
display does not have to be, and rarely can be, com-

pletely pictorial to have the advantages of realism.
There are as manykinds of pictorial displays as there
are symbolic displays, and the decision is not eaded
when we say we will use a pictorial or realistic dis-
play. Rather, the decisions have just begun.

Consider the three-dimensional map, for example.
Mountains would be completely invisible on a model
of the Urited States, if all three coordinntes were to
the seme scale. And yet a very satisfactory scale -
model can be made if the elevation coordinate is a
different scale than the surface coordinates. How-
ever, when the three coordinates are all different
scales, then geometrical relations are in fact ser-
iously distorted. ‘thus, we have to decide which as-
pects of the display will be pictorial, whether all
aspects of the display will be to the same scale,
whether the aspect being scaled is distance, area,
beightness, or whatever.

Symbolic Displays

A symbolic display portrays information in terms
of intermediate or transformed scales. In symbolic dis-
plays the information usually is not displayed in the
same way it is observed in nature, or if it is, a
distortion of the information continum is introduced.

-

For example, distance, a scale of extent, may *
symbolically pocrtrayed as a number. Numbers, of
course, can very accurately indicate distance, but the
number scale is not the same thing as the scale of
perceived distance. Distance may also be shown by
the position of a pointer on the circular scale of a
meter. Here distance is represented on a scale of
extent, to be sure, but it is a curvilinear scale of
distance and is thus distorted with respect to the
scale of perceived distance, which is linear.

One great advantage of a symbolic display is that
it makes possible almostany degree of precision along
a given dimension. It is usually possible to provide
as many steps along the transformed scale as are
justified by the intrinsic reliability of the data.
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Scales of Extent. Any scale that represents
certain classes of information by a continuum of extent
‘constitutes a symbolic display. Time, for example,
might be shown as the leagth of a line, The size of a
nd::. pip can be used to symbolize the speed of an air-
cra

Scales having nongeometric relations also fall in
the class of symbolic displays. These include scales
"of brightness, color, flicker, frequency, and shape.

Scales constructed from these properties may be used

to portray alimited amount of information symbolically.
As an illustation, altitude layers in s holding area
might be portrayed by different colors or shapes.

Numerals and Letters. By far the most important
symbolic representation for display purposes is the
use of numbers and letters. A vast amount of complex
information wholly unsuitable for pictorial display can
be shown by this means. Good examples of this are
such quantities as time, temperature, and weight,
.which cannot be sensed directly by vision. Through
long experience man thinks easily and effectively in
symbolic terms when dealing with this kind of infor-
mation.
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Combined Picterial and Symbelic Displays.

Many conventional displays combine dimensions
of information in pictorial and symbolic form. As an
illuscration, no radac displays are completely sym-
bolic. All have at least one pictorial dimeasion.
The Bescan, for example, distorts bearing information,
but presents range as a linear extent in which true
relations are preserved. The G-scan shows azimuth
and elevation angle without distortion, but indicates
range by the length of ‘'wings’ projecting from the
pip. Displays of three-dimensiona! information are
usually partially symbolic except for those that de-
pend upon stereoscopic vision or devices that creats
the impression of depth.

Thete is, of course, no reason why combinations
of displays may not be advantageously exploited for

specific purposes. For example, & PPI display of
tadar bearings and range, with alcitude and identity
added symbolically as color and shape coding of
echoes, might be more useful to an air-traffic con-
troller than a conventional PPL. The ‘'Navascreen"’
is an example of an effort in this direction.

Factors Influencing the Selection
of Pictorial or Symbolic Displays.

The decision to use a pictorial or symbolic dis-
play depends chiefly upon two things. The first is
whether it is mechanically or physically possible to
display a given kind of information by the particular

‘display method. This is in part a technological pro-

blem, but there are also certain classes of infor-
mation that cannot be represented directly, Temper-
sture is an example. Assuming, however, that the
information can be displayed by both methods, the
second coasideration is the use to which the display
is put. The first problem, how to get data into a dis-
play, is largely a matter for engineers. The second
problem is a human-engineering one because it relates
directly to the efficiency with which the display can
be used. There are several considerations that deter-
mine the selection of the kind of display. -

1. What Kind of Information is being Displayed?
The choice between symbolic or pictorial digplay
depends first of all on the kind of information to be
displayed. In general, we can say that a pictorial
display is usually superior whenever relational infor-
mation is being displayed, but that & symbolic dis-
play is usually better for portraying spot or discrete
information. For example, if we want to display the
position of a particular aircraft, a symbolic display
showing the range and bearing of the aircraft can be
read quickly and accurately (and these are the main
criteria of a good display). If, however, the position
of the aircraft relative to that of another is required,
then the user needs to do a great deal of mental-trans-
lation before he can see the relative positions of
the two aircraft from, let us say,a set of six numbers,
The information portrayed in the pictorial display
requires much less transformation before it is acted
on than does the information in the symbolic display.

In general, the greater the aumber of items
about which relational information must be shown,
the greater the. advantage of the pictorial over the
symbolic display. But the advantage is only in show-
ing the relational information, not the specific item
information.

Thus, the relative positions of 100 cities are
easy to see on a map, but would be very difficult to
infer from a symbolic display. If, however, we need
to know the distances between any two selected
cities, then the entire map is not as good as a two-
way numerical table listing these distances. Par-
ticular cities could be located much more quickly,
and there would be no intetference from the extrane-
ous information presented on the map. A corre-
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spondingly good display might be achieved, of course,
by selective display of the pertinent part of the map.

A symbolic display is ideally suited to the dis-
crete aad single-item type of information. If discrete
information about many different items is necessary,
however, then the symbolic display loses its advan-
tage, and the pictorial display can become more ef-
ficient even when relational information is not re-
quired.

2. What is the Information Used For? Another
major consideration, even mc:e importaat than the
kind of information to be portrayed, is the question of
what the user of the information intends to do with
it

As a general rule, we can say that the infor-
mation should be presented in the form in which it
will be used.

Thus, if a ground controller is simply going to
report a range and bearing to an aircraft pilot, *he
best way to give the controller that information is in
the symbolic form in which he later transmits it (i.e.
as numbers). )

However, if the ground controller wants to know
where to look for an aircraft, then the display he sees
should, figuratively speaking, “‘point to’’ the ap-
proaching aircraft. The crux of the matter is that
information should be displayed so as to minimize
the transformations that must be made before de-
cisions are reached and action is initiated.

An lllustrative Experiment. Investigations by
Williams and his associates at the University of
Illinois will illustrate the kind of experiments that
can be conducted in this arca (see Williams and
Roscoe, 1949; Roscoe, et al. 1950). Their experi-
ments involved comparison of several pictorial and
symbolic methods of displaying distance and bearing
from an omni-directional radio range station,

Subjects in these experiments were pilots. They
solved various orientation problems using static
mockups of the displays as well as operational dis-
plays in a Link instrument trainer. The pilots used
the information presented in the displays to decide
on a course of action, e.g. a direction to fly, in order
to approach or depart from the Very High Frequency
Omnidirection Range (VOR) station either directly or
along some designated track over the ground. The
results show that the pictorial displays were uni-
formly superior to the symbolic displays for this kind
of task and that the best of the pictorial displays
was one that was azimuth stabilized with the VOR
station represented in the center of the display.

These experiments need to be supplemented by
much more work comparing pictorial and symbolic
displays, Other uses for pictorial displays should
be investigated--such as making an instrument ap-
proach and landing--and other kinds of symbolic and
pictotial displays should be tested.

Summary Statement. Although the issues are now
fairly clear, we must conclude that s¢ the present
time we do not have a firm scientific basis for
answering many of the important questions about the
kind of display to use for various purposes. It is
true that experiments have been done to answer some
specific questions, and that a few very generalprinci-
ples seem to have rather wide application. But there
is a lack of clearly-established principles to guide
our choice of the type of display for specific func-
tions, Instrument companies still have to rely chiefly
on past experience with older-model instrumeats and
on the subjective opinions of their engineering staffs
when they decide what kind of display to use with a
new instrument.

C. General Problems in the Display
of Transitory Information

There are a variety of problems that need to be
solved before visual displays of maximum effective-
ness can be designed. Many of these problems are
associated with the fact that a large number of dis-
plays must be designed to present ever changing,
transitory information, Displays that preseat flight
information to the pilot oc displays for ground con-
trollers that depict the continually changing position
of aircraft in cthe traffic system are of this type.

The very fact that the information presented is
transitory creates a aumber of problems not found in
displays designed to present more or less permanent
status information such as is found in maps, charts,
and printed messages. In this section we shall pre-
seat some of the more important considerations that
arise in the design of displays for presénting transi-
tory information. Not all of these problems are
unique to the changing character of the information
but all are associated with displays of this type.
In the next section we shall discuss the problems
that arise in connection with displays for presenting
status information.

Several Simple Displays, or One Complex Display?

Frequently, one has the option of displaying a
small amount of information on a single instrument
and of using several such **simple’ instruments, or
of displaying a larger amount of information on a
more complex instrument.

Pictorial displays usually require more space,
but make relational information more readily avail-
able than do symbolic displays such as pointer-scale
instruments. This is one of the considerations in
choosing between these two types of displays.

. Combined symbolic displays also usually
occupy less space than several simple displays, and
may require shorter and fewer eye movements; but
the complexity may create confusion.
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The question is largely one of optimum pattern-
ing of visual stimuli. What kind of patterned arrange-
merits of scales and pointers and other kinds of dis-
plays permit most rapid reading, and the ecsiest re-
lating of correlated information? Unfortunately, not
enough research has been done on this problem to
provide any general answers. .

Two commonsense principles have been follow-
ed by workers in this area, One is that relsted
things should go together wherever possible. The
other is that there is a limit beyond which we should
not go in crowding information into a single display.
Much more research on this problem is needed.

How Should Position in Three-Dimensional
Space be Displayed?

We have mentioned how important it is at times
to show relations in a '‘natural’ or easy-to-interpret
way, and we have considered some of the problems
of complex displays.

A special problem of great importance in aviation
is the display of the position and inter-relations of
objects in three-dimensional space. The pilot wants
to know his attitude with respect to the air steam
and the ground. He wants to know where other air-
craft are in relation to himself and how these rela-
tions are changing. The ground coatroller also wants
to know the location of aircraft in relation to each
other and to the control point. (See Hermans and
Loucks (1947) for a review of the psychology of
orientation).

““Three-Dimensional'’ Displays. A satisfactory
pictorial method of displaying bearing, range, and
height is still being sought. Various methods that
crowd three-coordinate data into one display have
been tried out, some experimentally, Methods that
employ two separate displays to give three-coordin-
ate data have been studied and several have seen
operational use, At least three distinct ways of dis-
playing three-coordinate information to a GCA final
approach controller have actually been used - two
symbolic displays (meters); a combined symbolic-
pictorial display (an elevation meter plus an azimuth
sector scan); and two pictorial displays (an eleva-
tion sector scan plus an azimuth sector scan). How-
ever, because the results produced by these varia-
tions in display have been confounded with technical
improvements aad the elimination of intermediate
human operations, it is not possible to make direct
comparisons between these three kinds of displays.

Recent research at Johns Hopkins has included
systematic iuvestigations of various symbolic sys-
tems for adding a third dimension to blips on a
cathode-ray tube by varing the size, brightness, or
color of the blips. Research at Ohio State has in-
cluded the analysis of various projection systems
for showing three spatial coordinates on two-dimen
sional surfaces. Preliminary unpublished results in-

dicate that polar sector coordinates are superior to
rectangular coordinates for this purpose. For exsmple,
two polar sector scans were found to be superior to
a B- plus a C-scan,

Flight Instruments. The aircraft pilot is interest-
ed in his location in space, his attitude, and’ his
rates of change of location and attitude. Up to now,
cockpitdisplays have heen very different from ground
displays, although for some segments of a flight,
such as an instrument approach, some of the informa-
tion beingdisplayed ¢to a pilotand to a ground control-
ler is the same. With the growing interest in the use
of a cathode-ray tube type of display in the cockpit,
the problems of air and ground displays of space rela-
tions are becoming more alike.

Human-engineering research on the problems of
displaying flight data has been centered chiefly at
the USAF Aero Medical Laboratory and at the Uni-
versity of Illinois. Dr. Roger Loucks, under Air Foece
coatract, continued some of his war-time research on
flight instruments after returning to the University of
Washington. Experiments at the University of Illinois
bave included studies of DME and VOR displays and
special kinds of landing displays. (see, for example,
the experiment described on page 22.) _

Work at the Aero Medical Laboratory, as an il-
lustration, has included laboratory studies of speed
and errors in interpreting actitude displays, studies
utilizing specially designed equipment for simulating
and recording instrument flight, and experiments in
which aircraft performance, control movements, and
pilot eye movements were all recorded during actual
flighes using different kinds of instruments and in-
strument asrangements. Experic-~nrs at the Aero Med-
ical Laboratory have included scudies of displays for
altitude, attitude, heading, speed, and glide path-
localizer deviations.

An Analysis of Instrument-Reading Errors. Fitts
and Jones (1947) at the Aero Medical Laboratory,
made an analysis’ of the kinds of difficulties ex-
perienced by Air Force pilots in reading instruments.
The *‘critical incident” technique was used and em-
phasis was placed on near accidents or close calls.
The following were the major types of errors or dif~
ficulties involved in reports of 270 such experiences:

Percent
1. Misinterpreting Long-Renge Scales. 18
2. Misinterpreting Direction of indicetor
Movement (Reversal Errors). 17
3. Misinterpreting Visval and Auditory
Signals, 4
4. Errors Involving Poor Legibility and
Visibility. 4
5. Mistaking One Instrument for Another. 13
6. Using on Inoperative Instrument. 9
7. Misinterpreting Scale Values. 6
8. Errors Associated with lllusions. 5
9. Omitting the Reading of an Instrument. 4
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The results of this analysis belp to define many
of the more serious problems in designing flight ine
struments,

A Study of Pilots’ Eye Movements, Fitts, Jones,
and Milton (1949), in another series of studies for
the Air Force, measured the eye movemeat patterns
of pilots as they flew various maneuvers. One of the
things they found was that it requires much longer,
in flight, for the average pilot to check certain in-
struments than it does others,

The ILAS cross poiaters, for example, were fix-
ated for about 0.9 second each time they were
checked, as compared with about 0.4 second for the
air speed indicator. This emphasizes the importance
of designing instruments that can be read quickly.

Eye movement records provide one kind of criteri-
on measure for evaluating differences ia different de-
signs or arrangements of instruments.

Relative Motion Problems

If you were a pilot and heard someone say ''Right
wing dowa’’, what would you think he meant? A mo-
ments coasideration will make it clear, of course,
that the statement is ambiguous. It could mean either
(1) put your right wing down, or (2) your right wing
is down, put it up.

This Illustrates the kind of relative motion probe
lem encountered in aviation, Perplexing direction-
of-motion problems arise chiefly in connection with
the design of qualitative displays. A qualitative dis-
play is defined as one which provides relational in-
formation, usually in regard to spatial relations (up-
down, right-left) or magnitudes (more-less).

In What Direcfion Should Indicators Move? In
designing most displays one must decide what refer-
ence point(s) sbould be fixed and what point(s) should
move. In scale-and pointer-type instruments there is
a choice of whether the entire scale or the pointer
should move. In either case, there is the further prob-

lem of which way the moving element should go,
relative to the fixed reference point and relative to
the direction in which related controls are moved.

This direction-of-motion peoblem is a very fre-
quent and troublesome one with air-borne displays,
and also arises with some ground displays. In fact,

- it is the center of several lively controversies. For

example, should heading information be displayed by
means of a moving scale or a moving pointer, and
which way should the scale or pointer move in a
right turn? Should the Cross Pointers, or Zero Read-

.et, give a “‘fly to" or a ''fly from’’ indication? Which

way should the attitude instrument(artificial horizon)
rotate, relative to the pilot's eye, in a right turn?

Should the GCA controller’s display be set up as if

he were facing the on-coming aircraft, or as if he
were in the aircraft facing the runway? Should the
Landing Signal Officer c¢1 a carrier hold his signal
flags up to tell a Navy pilot *You are too high’’, or
hold them down to indicate '‘Go Down'’?

These telations are critical when thereis a sud-
den transition from contact to instrument flight and
vice versa. There also is a problem with respect to
the realism of ‘‘naturalness’ of each type of move-
ment and the attendant possibility of committing re-
versal errors intimes of stress. Fitts and Jone (1947)
for example, found that even experienced pilots re-
ported many reversal errors in interpreting insttuments
and using controls, In fact, this was the second
most common type of instrument-reading error re-
vealed by their study.

An |llustrative Experiment. A recent teport by
Gardner (1950) from the Aero Medical Laboratory
illustrates experimental work dealing with motion
relations in a flight instrument. A simulated cockpit
was arranged so that a joy stick controlled thammove-
ments of a Zero-Reader-type instrument baving a
vertical and horizontal necdle. The task was to keep
the needles centered in spite of "‘rough air’ sim-
ulation. The relations between control stick motion
and resulting motion of the display were varied sys-
tematically in all four ways possible,

Objective scores for pre-flight Air Force train-
ees showed that the best performance was obtained
when & movement of the stick to the right (right bank)
caused the vertical indicator to move to the righe,
The movement relation for the horizontal needle was
not as critical as it was for the vertical one, The
investigator points out that the superiority of this
“fly from" indication, (one in which the direction of
movement applied to the control opposes the move-
ment of the display), while clear cut, was based on
data from beginners, and that further research is
needed on pilots who have had a great dealof prac-
tice in using an instrumeat designed in accordance
with the opposite principle.

Representative' summaries of the principles that
are supported by available facts on the direction-o f
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mogion problem can be found in publications by Chap-
anis, Garner, and Morgan (1949); Fitts (1949); and
Gardner (1950). This is another problem oa which
more research is needed. It is anarea in which there

is still a great deal of controversy and lack of uni
formity-,

As far as ease of learning is concerned, the
data on novices uniformly favor the *'fly from’ type
of indication, but many present-day.instruments vio-
late the principles that are known to hold for the
beginner. Worst of all, most large insaqument panels
contain a mixture of instruments - some designed ac-
cording to one direction-of-motion principle; others
according to exactly the reverse principle,

Scale-Design Problems

Scoles of Extent. Most symbolic instruments use
some kind of scale in which values are represented
by position on a linear or circular scale of extent.
Here one usually is concerned with quantitative
reading, i.e. the ability to derive a number from a
display,

Considerable work has already been done on the
problems of designing scales for speed and accuracy
of quantitative reading, and the factors affecting
scale reading are fairly well understood. At Prince-
toa University, for example, Dr, W, E. Kappauf and
his associates have been studying the legibilicy
problem for the Air Force for several years. Their
studies have dealt with scale length (dial siz..), the
spacing of scale marks, and dial illumination. In a
typical experiment, subjects are asked to read panels
of instruments that have varying numbers of scale-
division marks, and time and error scores are recorded.

Much work still needs to be done to fill gaps in
the legibility picture, but a well-designed scale for
many uses is now possible. For a summary of facts
on scale design see Kappauf, 1949,

Long-Ronge Scoles. It was mentioned earlier
that oae advantage of symbolic scales is their a-
bility to provide exact quantitative information. Whea
we include mady steps on a scale of extent, however,
the scale gets excessively long.

The iypical engineering solution to the problem
of long scales is to use multi-revolution dials - dials
with two or more pointers, each of which represents
a different value, Clocks and altimeters, for example,
have multi-revolution dials. However, satisfactory
these may be from an engineering.standpoint, they
are difficult for people to use,

The seriousness of this problem was firse
pointed out by the results of Fitts and Jones (1947)
*‘pilot erroe’’ study, and was later verified by Gre-
ther’s (1949) experiments on altimeter reading errors,
Grether, for example, tried out nine designs for an
altimeter. Four of these gave approximately one-
tenth as many large errors, and at the same time
were read several times more rapidly than the con-

veational altimetcr. This was true for 97 experienced
Air Force pilots as well as for novices.

The results of Grether's experiments, and of
several related studies, fortunately point to what may
be a very satisfactory solution to this problem of
designing long-range scales, It consists of the use
of a single sensitive pointer on a circular dial, plus
u veeder-counter type indicator that shows the aumber
of revolutions of the sensitive poiater. - This com-
bination of a pointer and a counter, first recommended
as an altimeter display, has recently been proposed
for various other long-scale instruments such as the
DME indicator, ' Its suitability for these various uses
neels to be determined experimentally, - '

When to Use Numbers. When precise quuntitative
information is needed, a direct (symbolic) display of
numbers generally has been found ¢g be excelleat.
Chapanis (1949) for example, found that range and
bearing could be read quantitatively more quickly
and accurately from counters than from a bearing
cursor, azimuth scale, and range rings. The time
required to read range and bearing for one target, on
the average,dropped from 3.5 seconds to 1.8 seconds,
while errors were less than half those occuring when
a direct numerical display was used. Also, it has
been found (see Carter, 1947) that tables usually are
read more than twice as quickly and accurately as
graphs showing the same functions, providing inter-
polation is not required. - o

Multi-Purpose Displays. As we have pointed
out, the most perplexing problems often arise when
a designer sets out to make a multi-purpose display.
In the experiment referred to above, for example,
Chapanis found that in setting information into the
equipment it was harder to use a direct-reading
counter than it was to use the conventional bearing
cursor and range rings. Which of the alternative
designs, then, is the best compromise if the display
is to be used in several ways? This illustrates the
kind of decision that instrument designers often have
to make,

What we must leok for in such cases is the best
compromise in terms of the multiple uses for which
a display is intended. The combination pointer-
counter design recommended for the altimeter is an
example of such a compromise.

Geometric Scales. Another problem concerns
geometri. ccales, i.e. scales in which changes in
magnitud- are indicated by variations in length or
area, Values of size or length may be used to code
information in various displays. As an example, size
might be used to indicate altitude on a display, This
could be done in two ways. In both, the targets
would vary in size according to altitude. In one
application there would be a aumbered scale of
standard sizes visible at the side of the display, to
which the observer would refer. This involves matche
ing stimuli and is a relative discrimination situation
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of a somewhat specialized sort. Some data on how
accurately this can be done have been collected by
Dr. Samuel Renshaw at Ohio State University for ref-
erence sizes varying from 1/8 inch to 2 inches view-
ed ac 15 feet (about the distance for viewing plotting
boards.)

In the other application there would be only
targets of various sizes visible, This involves an
absolute judgment of size. The question, for ex-
ample, is how many steps of size can a man make
use of on an absolute basis?

Special Scales. Still another problem concerns
the same questions of relative and absolute per-
ception, as they apply to displays in which infor-
mation is carried by nongeometrical relations. These
include color, brightness, and flicker, Some explora-
tory wotk has been done on these problems as well
as on the problem of absolute size discrimination.
But a¢ present we can get only a first approximation
of the usefulness of these kinds of scales.

Psychological Problems in Using Numbers. In
operational situations where numbers are read, inter-
preted, transmitted, and heard, the particular numbers
involved are of special psychological importance.
Because engineers and scientists deal with numbers
on such familiar terms, they frequently do not realize
thac the average person reacts to numbers in peculiar
ways.

One group of problems centers around the fact
that certain kinds of number scales can be used much
more easily than others, Chapanis and Leyzorek
(1950), for example, foynd that the ranges of targets
on radar displays could be located with greater re-
lative precision if the scales were in 1,000, 10,000,
. 2,000, or 5,000-yard units rather than in 6,000, 7,000,
3,000, or 8,0u0-yard units, Alchough, in naval work,
a 5,000-yard scale is equivalent to a 2.5-mile scale,
the latter resulted in errors which were about 50%
greater than the former. This study is a good stare,
but we need more information on still othe: possible
kinds of numerical scales.

Another group of problems centers around the
fact that people exhibit marked number preferences
when they are given complete freedom in the se-
lection of numbers for purposes of interpolation.
Some work is in progress on this problem at The
Johns Hopkins University, but we are still far from
understanding all the intricacies of this behavior or
what can be done to combat it.

Problems of Visibility and Speed of Detection

Visibility and detectability have not been ex-
haustively studied in the case of transitory infor-
mation displays. A research program on detection
of radar returas has been under way for several
years at Johns Hopkins University, but a good deal
of work remains to be done. (See, for example,
Williams, 1949).

The form and spacing of display numbering, -the
coloring, shape and size of symbols for use on radar
scopes, and the effects of contcast relations, are sll
subjects for needed experimeats. So are the relations
between training level, fatigue, and other personal
variables and performance on detection tasks. Ex-
periments to determine and improve the visibility of
radar scope signals under daylight illumination coa-
ditions are still to be carried out.  In part, this iz a
technical engineering problem. Perhaps our tele-
vision manufacturers will oblige us with a solution
to the latter problem, urged on as they are by a de-
manding public,

Problems of visibility also occur in relation to
scales, especially when instruments have to be read
at night in che aircraft cockpit or in dimly illuminated
tooms. Present systems of instrument lighting are
far from adequate. On the whole, however, visibility
and detectability problems can more nearly be solved
by careful engineering based on the application of
existing information than can most of the other prob-
lems facing the designers of air-navigation and
traffic-control equipment.

The Size and Sensitivity of Displays

Over and above the requirements of visibility
and legibility, the movements, sensitivity and domp-
ing of indices within displays is sometimes a prob-
lem. This is especially true where the display is
used as a guide to the manipulation of controls (see
the last topic in this chapter). Optimum pilot per-
formance, for example, may depend on the proper sen-

sitivity and damping of indicator needles, just as.

gain and damping are important in adjusting an auto-
pilot servo for maximum performance and seability.

Controlling size is one way of coatrolling sen-
sitivity, Size also influences the realism of some
displays, and in some cases may determine the
proper direction-of-motion relations. :

The problems in this area are somewhat special-
ized and perhaps should be considered in relation to
certain special design problems rather than as a
general problem of display.

Displays for Monitoring and Check Reading

We have taken the position that the human oper-
ators are poor monitors when all they have to do is
to watch the performance of automatic equipment,
However, there are many tasks in which some moni-
toring is involved. A pilot whose primary task is to
wacch his flight inscruments also has to monitor or
intermittently check his power-plant instruments.
Ground controllers must be alert tv''take over’’ func-
tions normally performed for them by semi-automatic
devices,

Here we shall be considering check reading.
Check readingis defined as inspecting an instrument,
or group of instruments, for the purpose of detecting
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deviations from a null or normal condition.

Panels with Many Dials. A moderate amount of
work has been done on check-reading problems. The
Psychology Branch of the Air Force Aero Medical
Laboratory, for example, has found that a properly
arranged bank of 16 single-needle instruments, with
all pointers aligned in a similar way, can be checked
for deviations in less than a second, with an average
of less than three eye fixations (Warrick and Grether,
1948; White, 1949). In these experiments the panels
of instruments were exposed by a shutter mechanism
and the time to reach a decision and respond appropri-
ately was measured for each of a number of subjects.
The best pointer alignment positions were found to
be at 9 o’clock and 12 o’clock. Patterns of lights
have also been used successfully when a check-
reading indication is desired. Lights canno: be used
to .give more than an on-off indication, however,
whereas pointer-type instruments can be read in finer
steps as well as check-read, if they sometimes must
be used for quantitative reading.

Emergencies. Very little has been done on the
special problem of warning signals. And very little
indeed has been done on questions of displays for
use in emergencies or in case of the failure of auto-

matic equipment. When he first assumes control in
an emergency the human operator may be faced with

much more than he can actually handle. Should the
controller have special displays for monitoring pur-
poses only, or should he monitor the actual displays
he will use should he take over? Should there be
some semi-automatic programming of operations that
the operator can put in action during the transition
as a buffer to keep himself from being overloaded?
These are some of the questions to which good
answers must be found if the problem of monitoring
is to be solved.

.Problems of Transfer of Attention
Changing from One Display to Another. Every-

one knows how difficule it is to unravel a radar PPI
picture when one first looks at it. The amount of
information one must take in is great, Yet the oper-
ator who has been watching the scope may be well
oriented. The only new information he is ¢aking in
concerns the parts of the display that are changing.
If an operator in a control tower is to transier his
attention from one display to an occasional check of
aircraft position on another display, means should
be provided to enable him to see what he needs to
see without undue groping.

Similarly, if a pilot suddenly has to shift from
visual to instrument flight, he needs to make the
transition as quickly as possible, On a smaller
scale the same need arises when a pilot shifts his
eyes from one set of instruments to another,

There should be no inhibiting or interacting ef-
fects when men change jobs or change displays. This
brings up the probiem of coding information on one
kind of display so that it corresponds as far as
possible to the same information on another display,
Displays to be used together must have a common
informational denominator, How this may be doae is
a problem in minimizing transformations of infor-
mation.

Need for Uniform Principles. The considerations
of transfer of attention emphasize the danger of
studying one particular instrument, or of planning in
terms of part of a man’s job, without at the same
time considering what other things he will be doing
concurrently. Above all it emphasizes the need for
uniformity and over-all planning throughout a man-
machine system, For example, studies are needed
in which an entire pilot’s flight panel, having all
instruments designed in accordance with a uniform
principles, would be compared with a panel designed
uniformly in accordance with a different principle.

D. General Problems in the Display
of Status Information

Unlike the rapidly-changing situations and tran-
sitory data previously discussed in this section, in-’
formation concerning weather, radio and navigation
facilities, air routes, airports, and terrain is rela-
tively slow in developing and changing. Status infor-
mation gives operating personnel reference data for
planning and general decision-making. Operators
may need to refer to the displayed material from time
to time over a period of many hours. Status infor-
mation is often presented on maps and churts. Plott-
ing and flight progress boards are utilized for other
types of ioformation. Finally, printed or writtén
material may be used to present information such as
teminders written on slips of paper, instructions for
emergency procedures, and tables of cruise-control
data. Much of the information in these categories is
displayed on the ground--to controllers or to pilots
prior to take-off, However, maps and charts of terrain
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and radio facilities, and some weather data must be
available in aircraft during flight and must be read
in the cockpit. The ready availability of status in-
formation is obviously essential to the successful
operation of airenavigation and traffic-control
systems. The communication and display of weather
information offers special difficulties, and will be
considered first.

Present Practices in the Display of Weather Data

Under present practices Air Route Traffic Con-
trollers are regularly briefed individually by Flight
Advisory Weather Service (FAWS)personnel just before
going on duty, although there is considerable varia-
tion in the thoroughness of the presentation of this
information. Windsaloft charts and weather maps are
available at the FAWS desk in the working area, and
the hourly weather sequences are distributed to all
controllers during the duty period. The method of
this distribution varies widely in different centers. A
single copy of the sequence reports may be passed
around, individual controllers taking such notes as
they wish; a summary sheet of pertinent information
may be prepared for each sector and posted near the
appropriate controller; the controllers may have to
walk to the FAWS desk and secure the desired in-
formation; or special reports on important changes
in weather may be relayed by mouth.

In addition, controllers may reccive weather re-
ports from agencies outside the control center (con-
trol towers, airline dispatchers, pilots, etc.) and
pass these along to the weather service personnel to
be summarized and sent out by teletype. Some con-
trol centers use a large map of the area on which is
presented coded weather data.

Pilots read the latest weather reports at the
FAWS desk, or receive briefings from weather per-
sonnel befote taking off from an airport. They may
also request additional weather information from
airport-control towers over which they fly enroute to
their destination. This latter is a two-way procedure,
since control- tower operators often request first-
hand weather observations from pilots in radio con-
tact with their stations,

Present Problems in Regard to Weather Displays

Weather Information Often is ‘‘Out of Date’.
Pilots ‘and coatrollers frequently complain that the
weather data displayed by present methods are often
several hours old, This time lag may cause serious
inconveniences or delay in directing the flow of air
traffic. Changes of flight plans may be necessitated
by pilots encountering unexpected weather conditions
while enroute. The delay in weather reporting ap-
parently stems from a variety of causes, many of
which are notdirectly problems for human engineering.

Too Much Weather Information is Displayed.
Operating personnel, especially pilots, often assert

that too many weather data are given to them, It is
difficult to sort out the desired information from ir-
relevant data, and both time errors and errors of in-
terpretation may result, Conversely, information that
is very much needed may sometimes be lacking ‘in
present reports.

Difficulty in Locating Weather Information When
Needed. The central weather display board, if there
is one, often is not visible to all controllers, and
there may be no adequate substitutes for providing
close at hand the latest information needed in plan-
ning the flow of traffic over a given area of opera-
tions, Many controllers report that they just keep a
running mental picture of the weather as they get it
from their contacts with pilots and tower personnel.

Forgetting Weather Data. Because of the ne-
cessity of applying information of this type over
long periods of time (up to several hours), memory
difficulties are encountered, especially by pilots.
Partly because the original briefing may have been
too long and detailed, partly because of the passage
of time filled wich attention-demanding activities,
much essential weather information is forgotten by
the time it is needed by the operator.

A better system is needed for making the original
data available for ready reference over a period of
time on duty or the period of a flight, Pilots have re-
ported difficulty, due to forgetting, in interpreting the
symbols in which standardized weather messages are
coded, with consequent foss of information from an
examination of such reports,

Long Messages. Tower controllers frequently
complain of the amount of time on the air that they
have to devote to answering pilot requests for weather
information, or in relaying requests from pilots
to weather personncl. It appears that some means
other than voice communication may be desirable for
transmitting weather data,

Futyre Weather-Display Problems

As traffic becomes denser and control more
precise, the importance of -up-to-date and efficient
communication and display of weather information
will increase. There will always be an element of
uncertainty in weather forecasting, We can at least
try to insure the rapid dissemination and efficient
display of the teported and forecase data.

The Psychology Branch of the Aero Medical
Laboratory has just completed the first systematic
human-engineering work in this field. A series of
studies attacked the problem of providing USAF
pilots with more adequate, useful, up-to-date weather
information, The aims of these studies were:

1. Todetermine any discrepancies in opinion be-
tween pilots and forecasters regarding the
kinds of information needed in order to ac-
complish a particular mission.
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.2 To determine the technical ‘information the
forecasters believe they need in order to make
adequate forecasts,

3. To determine how well pilots engaged in var-
ious types of flying in various kinds of air-
craft (strategic, tactical, training) understand
weather terms, symbols, teletype sequences,
etc.

4, To determine the deficiencies in present sta-
tion layouts and briefing techniques, and so
get clues regarding the optimum layout of
weather stations and optimum methods of con-
ducting pilot briefings.

S. As a result of (4), to help sex up an “‘ideal”
weather station to be used for experimentation
in data presentation techniques, station lay-
out, visibility, noise control, and related

problems.

6. To determine critical incidents which pilots
believed were caused by lack of weather in-
formation, improper briefing, or other weather
causes.

This constitutes a very btoad attack on the prob-
lems,but preliminary analysis of the data has re-
vealed.many useful facts of immediate use and many
clues for more intensive research on weather problems.

Maps and Charts

Maps and facility charts supply related informa-
tion about the terrain, air lanes, and navigation fa-
cilities enroute, and about the procedutes to be fol-
lowed in approaching an airport. Although this infor-
mation is relatively stable, it changes often enough
so that a pilot or a ground controller cannot safely
trust his memory for it,

Tradition. Maps have been in use for centuries,
and many of their characteristics are the result of
tradition. Elevation color-coding used on most ‘maps,
for example, is a throwback to the early days of color
printing when the choice of hues and shadings was
very limited. The symbols, and the terrain features,
selected for representation on maps, often have little
resemblance to the way things look from the air.

about research on maps will sound a lot like what w

have said about other kinds of visual displays. We
need first of all to know what information is needed-
what critical things pilots need to have shown, and
what things are not essential and only clutter up the
display. We need next to study different ways of
representing the terrain, radio facilities, air toutes,
etc., - to find out what symbols to use, how to en-
code the information, how to provide good legibility
even when maps and charts are used in dim illumina-
tion, how to facilitate quick reading, etc. (See Crook,

1949).

Problems for Research, What we have to u{

At present the US Navy is supporting work in
this area by human engineers on the staff of Dunlap
and Associates, particularly on problems of status
displays for use in the cockpit. This work is pri-
marily at the operational level. The Air Force is
supporting some laboratory wotk by the Tufts College
Institute for Applied Experimental Psychology re-
lating chiefly to the printing of maps for use under
special kinds of low-level illumination. If continued
support is given these two projects it is probable
that significant improvements in the design of maps
and charts can be expected.

E. Special Problems of Ground
and Air Displays

It is our belief that research problems in the
field of displays should be formulated in as general
terms as possible in the hope of getting general
answers. However, some specific problems are im-
portant enough to warrant special attention. One

. such question is the extent to which the display of

information on the ground and in the air preseats
peculiar problems.

Problems Peculiar to Ground Displays

A few important problems peculiar to the task
of the ground controller can be pointed out. The
ground coatroller will likely make decisions about
flight plans and take-off clearances, admission to
the approach area, and assignments to the time se-
queace of landing, Numerous related data must be
considered in reaching such decisions. One special
problem is estimating future positions of aircraft,
Another special problem is the integration of dis-
plays used by several men doing related tasks, and
the provision of efficient transfer of information from
one controller to another as the flight progresses
from one stage of control to another,
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Once critical decisions regarding a single flight
are made, the progress of the flight must be checked
repeatedly, in order to be sure that traffic is flowing
along the designated routes with proper spacing.
This task probably will call for replacement of the
present flight progress boards with pictorial displays
depicting the approximate locations of aircraft over
a wide area, as well as the locations of airports and
obstacles to flight. This type of pictorial display
will have much increased usefulness if altitude,
speed, and identity of aircraft can be coded into the
presentation,

For certain tasks ground controllers will need
second-to-second information - for example, when
they use displays to direct or monitor the final ap-
proach to a landing or to direct taxiing aircraft. The
problems of ground displays in this case resemble
in many ways the problems of air display. Coatrollers
will need to make rapid directional responses, verbal
or manual, in accordance with the momentary sit-
uation. This calls for a special type of display whose
design characteristics deserve most careful attention.

Problems Poe;nllar to Alr Displays

The pilot’s informational requirements vary with
the amount of responsibility assigned to him through-
out the various phases of the air-navigation and
traffic-control system. If he is made responsible for
deciding upon his entry into the system, for deter-
mining his flight path through the system, and for
committing himself to a landing with subsequent de-
parture from the system, then his informational re-
quirements are at a maximum. If, on the other hand,
these decisions are made for him, either by automatic
ground equipment or by ground controllers, and his
task is merely to execute the decisions, then his
informational requirements are less,

Minimum Pilot Display Requirements. Regard-
less of the extent of ground control, or the amount of
equipment available in the aircraft for automatic
flight, it may well be desirable to provide the pilot
with enough fundamental decision-making information
so that he will not be completely *‘blind”’ in the
event of a breakdown of the ground system.

We therefore have the problem of deciding what
this fundamental information should be and of deter-
mining optimum characteristics for the ''stand-by’’
instruments for emergency use. In some ways this
problem is similar to that of any monitoring task; in
some ways it has problems peculiar to the air,

Some unique problems arise because it is the
pilot’s responsibility to execute traffic-control de-
cisions. Execution of these decisions may, in rou-
tine flight, be accomplished through automatic con-
trol of the aircraft. But the possibility of manual
coatrol must be open to the pilot; hence each indi-
vidual pilot must be provided with the information
necessary to undertake it.

Pilot Performonce is a Critical Factor in Traffic
Control. By way of introducing the problems of manu-
al control, we must first point out that the pilot often
will be expected to fly his aircraft according to a
precise schedule defined in terms of track over the
ground, altitude, and speed. Precision is especially
desirable in the terminal area., The controls now
at his disposal for doing this are poorly suited to the
task. As a consequence, many hours of training are
tequired before a pilot can become proficient at this
task, and errors are made in its performance, occa-
sionally by even the most skillful.

Under normal circumstances non-fatal errors
usually result in little more than inconveniences.
But in a tightly scheduled situation, such as is con-
templated for traffic control, frequent errors of this
sort can hardly be tolerated. Missed approaches,
time delays, deviations from planded positions,
errors in altitude control, would ruin the precision of
any system and seriously affect the flow of traffic.
Errors of this sort are bound to occur because the
average pilot cannot fly with the precision that will
be required by the system using the conventional con-
trols and flight instruments now found in the cockpit.
This was convincingly demonstrated during the Berlin
airlfit, where inability of even skilled pilots to
maintain separation enroure was the most serious
bottleneck in the traffic-control system, {(Fitts ond
Long, 1949).

The future traffic-control system, in addition to
imposing requirements of precision flying now be-
yond the reach of the average pilot, will add to his
job by placing in the cockpit new displays unique to
the waffic situation. The pilot will have more to do
than now, and this will not increase his ability to
fly according to a strict track, altitude, and time
schedule. It is evident, if the system is to work,
that some way must be found to relieve the demands
on the pilot and supply him with the proper infor-
mation to allow him to fly with the necessary pre-
cision,

Simplifying the Pilot's Flight Task. The most
promising and practical way to permit the gradual
introduction of more and more automatic equipment
and still permit the pilot to maintain his proficisncy,
apart from introducing extra-curricular practice
sessions, seems to be to design the pilot’s equip-
ment in a way that will make the flight task an easier
one. This would have a double-barreled effect. If
the job can be simplified, the pilot could, by defi-
nition, improve his perfoumance to the point where he
could perform as the system demanded. At the same
time, maintenance of proficiency would no longer be
so critical because relearning would be more rapid
after periods of non-practice. Furthermore, the pilot
would have more time for planning and navigating,

In order to make the flight task an easier one,
we must first determine what there is about it now
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that makes it difficult. The crux of the problem
seems to lie in the relation between the movements
of the aircraft’s coatrols and the movements observed
on the various displays that represent the perform-
ance of the aircraft.

Design Preblems Releting
to the Manipvietion of Airereft Contrels

The Monipulative Side of the Pilot's Task. In
order to execute his own or a ground controller’s de-
cision the pilot is obliged to move the aircraft con-
trols in a way that will cause the aircraft to fly
according to the desired directions, altitudes, and
speeds, In order to do this the pilot must decide
which coatrols to move, when to move them, at what
rate to move them, and how much to move them.
Since the information thac the pilot needs is continu-
ally changing, it must be continually available (see
Willioms, 1947). The pilot cannot rely entirely upon
his stoced information (prior training) to guide his
control movements any more than a motorist can
drive down the street blindfolded.

The Pilot as a Closed-Loop Regulator. Flight
information comes to the pilot for the most part either
through ditect -vision of the outside world or through
flight instruments, It is the latter with which we are
mainly concerned. But in either case the information
is presented in the form of two indices, one repre-
seating the desired performance of the aircraft, the
other representing the actual performance of the air-
craft. One or the other of these indices moves in
correspondence to the response of the aircraft to
appropriate movement of the cockpit contro's. The
task of the pilot is to align the various pairs of
indices,

Thus the pilot is faced essentially with a track-
ing task, It is a complex task involving many kinds
of tracking. In a single maneuver, for example, the
pilot may be required to perform both compensatory-
pursuit reactions and following-pursuit reactions. He
may simultaneously be faced with a position tracking
task, a rate tracking task, an acceleration-tracking
task, and even the task of stabilizing a third deriva-
tive relationship between control position and index
movement. (For a general treatment of the pilot as a
regulator see Craik 1947, 1948; Ellson, 1949; Hick
and Bates, 1950).

Stability Problems. Unfortunately, it is in the
higher cacking tasks that the pilot is basically in-
terested. He is interested, for example, in his posi-
tion in space as might be represented by a localizer
needle, Yet direct positioning of this needle by ai-
leron and rudder without additional information about
heading and bank is virtually an impossible task.
Heading governs the rate of movement of the local-
izer needle, bank governs the rate of change of head-
ing, and finally, aileron position governs the rate of
change in bank. The pilot cannot tell by looking at
the localizer needle what change in bank is called

fotr, i.e. how to position the aileron. Conirol of other
dimensions of flight (alticude and speed) is only
slightly less complex. Finally, the entire tracking
task is complicated by various time lags (with con-
sequent overshooting) that are introduced as a re-
sult of the inertia of the aircraft and the lags of the
instruments themselves.

Simplifying the Pilot's Task. If the pilot’s task
is to be simplified this is an area in which great
gains can be achieved, Recent records taken during
certain maneuvers of instrument flight ac the Uni-
versity of Illinois (unpublished) suggest that the
pilot works at his maximum capacity for accepting
and processing new information when flying test
maneuvers, The records showed that only a ‘very
small portion of the information actually presented
by the flight instruments was being used. Had more
of the available information been accepted the re-
sulting performance could have been greatly im-
proved. Presumably more information was not ac-
cepted because the pilot had already reached his
maximum rate for handl .g information. The impli-
cation is that much of the information the pilot need-
ed should have been '‘predigested’’ and presented to
him in terms of the relatively few alternatives that
really need to be considered in order to perform the
task, rather than in terms of the estimated ten to
twelve alternatives that are displayed to the pilot
because of the way the information is encoded in
conventional flight instruments, Eliminating un-
essential information in this manner allows the pilot
to spend full time on informacion that is critical.

Research on the Problems of Aircraft Control
Manipulation. Research on this problem should
start with an investigation to determine the least
number of alternatives that a pilot needs to be con-
cemed with in performing his manipulation task,
The number of alternatives is undoubtedly related to
the characteristics of the control system itself. This
approach opens up new possibilities for simplifying
the pilot’s task through redesign of the stability and
control characteristics of the aircrafe,

A great deal of research must be done to deter-
mine how to present the pilot with no more infor-
mation than is necessary in his normal task and yet
provide him with sufficient information to cover all
possible tasks that he might be called on to perform.
This is no small problem. The Zero Reader type of
instrument, for example, has admirably simplified
the task of control manipulation in a normal instru-
ment approach, But it does not present basic po-
sition, heading, bank and pitch information that
might be required for other maneuvers such as, for
example, recovery from unusual attitudes and po-
sitions.

Still another area of research must be con-
cemed with the size, seasitivity, and dampening of
various instruments used for control manipulation,
Since . these problems are similar to problems
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mentioned elsewhere in this chapter they will not
be expanded on here.

Summary. Finally, and in summary, we need to
know a great deal more about the tracking behavior
of human beings. This is especially true when the
tracking task to be performed is complex and rapidly
changing in character and when various time con-
stants are introduced into the control-display linkage.
We need to know what happens to complex tracking
behavior under conditions of stress and fatigue. And
we need to develop more complete criteria of track-
ing performance.

F. The Criterion Problem
in Research on Visval Displays

This chapter has considered research leading
to the improvement of visual displays for presenting
visual information to pilots and ground controllers.
As in allresearch the question of criterion measures,
by reference to which results are evaluated, is a
critical one, We have emphasized the importance of
two considerations, (1) the nature of the information
to be displayed, and (2) how the information is to be
used. These two considerations serve in part to
indicate valid experimental situations and measures.
The final test, of course, is the relating of specific
test results to efficiency in the operational situation.
The criterion problem is considered in greater de-
tail in Appendix III.

Laboratory Experiments. Most of the research
problems ourlined in this chapter will have to } = in-
vestigated initially in the laboratory. In some cases
the criteria of good design are fairly clear, Problems
of visibility, for example, suggest that criterion
measures be secured by standard procedures em-
ployed in studies of minimum stimulus conditions
such as low illumination.

Problems of check reading require emphasis on
speed of response rather than precision, while
studies of quantitative reading tequire major em-
phasis on occuracy. Fortunately, in many human-
engineering experiments speed and accuracy have
been found to go hand in hand (see, for example,
Grether, 1949); in other words the design giving
greatest accuracy usually gives greatest speed.

Research on flight instruments and control ma-
nipulation introduces very important questions re-
garding the laboratory equipment employed and the
degree of ‘‘realism’’ used in experimental situations.
Here the checking of the resules from the laboratory
in operational situations becomes imcreasingly im-
portant. We would like to emphasize again the im-
portance in many operational tasks of division of
attention, discussed in a preceding section. This
consideration emphasizes the importance of evalu-
ating specific instruments in terms of how well they
can be used on the job where the human operates has
many tasks to perform.

Ease of Learning as o Criterion. Other things
being equal, the design is best that facilitates most
rapid learning of a particular task, This is one reason
for using novices in laboratory experiments and in
using learning time as a criterion of effectiveness.
However, there are other important considerations,
such as the ease with which highly twrained operators
can transition to the new design, and the level of
performance reached at the end of an extensive
leaming period. In general, ease of leaming is an
indication of final performance, but it is not safe
to assume that the relation is close. Performance
during learning should not be the only criterion used
to evaluate design principles.

G. Summary and Rocommonduﬁlons :

This chapter has covered the most extensive,
and probably the most important area of human en-
gineering, It is an area in which great strides have
been made inthe last six to eight years, and in which
some vigorous research is underway. It is also an
area in which a great deal more remains to be done.

It is appropriate, i.. summarizing this chapter,
to emphasize two general research areas that are
equally important for the research recommended in
the preceding chapter, and in those to follow. These
are the related problems (a) of detemmiring the in
formation requirements of various tasks, and (b) of
developing criterion measures of success in task
performance,

We therefore recommend the following three
broad research objectives:

Research Objective Ill. Determination of the Es-
sential Information Required at every Stage in
the Operation of an Air-Navigation and Traffic-
Control System.

Systematic studies are needed to determine the
essential information required for making the
decis uns and carrying out the various tasks in-
volved in navigating and in controlling traffic.
Such information analyses are needed in con-
nection with most of the technical objectives
that follow. These -tudies should include ex-
perimental investigations in the laboratory, job
analyscs, system analyses, operational analy-
ses, and ficld studies of certain existing op-
erations, They should cover both transient and
status information and the information needed
both by tlie ground controller and the pilot, They
should be made for specific existing systems,
and also, in so far as possible, for the basic
functions common to all systems.

lllustrative research questions. What does a
pilot need to know about weather? What infor-
mation is essential in a pictorial display for air-
port taxi control? What information is essential
in order for a pilot to orient by means of-ground
lights? W.at is the relative frequency of dif-
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ferent types of air-to-ground messages such as
“command-type’’ and ''informstion-type'’ mes-
sages? What information should be included in
a Human Engineering Handbook?

In specitying information needs research should
answer such specific questions as the following:

a. What information is needed?
b. With what accuracy is it needed?
¢. How much time is available to use it?

d. What decisions will be made and what
actions taken about it?

Research Objective IV, Establishment of Criteria

and ‘‘Indices-of-Merit’’ for Human-Operator and
Man-Machine Performance.

The criterion problem arises in connection with
all of the research problems dealt with in this
report (see Appendix Ill). The answer to the
problem begins with the determination of a
theoretical ideal level or ‘‘model” of desired
petformance. This ideal model should define the
ultimate criterion for the system. Unfortunately,
it is notoften that the research.worker can relate
his experimental data directly to such an
ultimate criterion. Instead he must make use of
proximate or intermediate criteria or **indices-
of-merit.”’

The development of satisfactory intermediare
criteria is an important problem. At this level
we deal with parts of the system, sometimes
even with single instruments and specific ways
of using them, It is essential wt only that we
measure the effectiveness of these specific
operations, but that we relate our measures to
the higher order or ultimate criteria in terms. of
which the entire system is being designed.

Investigators in the field of human-engineering
have made some progress in establishing cri-
terion measures. However, many new criterion
problems arise whenever research is undertaken
on a new system,

It is our belief that the criterion problem cuts
across every aspect of human-engineering re-
search, and that almost every investigator must
devote careful thought and expend some research
time on the criterion aspects of his special
problem. We believe accordingly that it may be
misleading to beeak up this general topic into
specific problem areas and so w- list no spe-
cific problem areas here. The criterion problem
should be studied as an important aspect of
each of the other research objectives.

lustrative Research Questions. Questions
illustrating the criterion problem can be grouped
under three headings:

a. Questions about ultimate criteria: How con
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the ultimate objectives of a system be form-
more specifically and quantitatively? For ex-
ample, is runway utilization the best sihgle
ultimate criterion of the efficiency of a traffic-
control system?

b. Questions about intermediate criteria: What
are the most satisfactory measures of the ef-
fectiveness of o communication system? A dis-
play system? An airport lighting system? How
do the measures of the effectiveness of each of
these systems relate to the ultimate criteria?
For example, are pilot eye movements an index
of the effectiveness of a proposed instrument.
arrangement, and how do eye movement measures
relate to the accuracy of instrument flight, to
safety, etc.?

c. Questions about techniques of criterion de-
velopment: What are the best methods of col-
lecting data on what human operators do on
the job? What are the best methods for deter-
mining the reliability of these measures? What
are the best methods for determining the inter-
relations between intermediate criterio, and the
relations between intermediate and ultimate cri-
teria? For exomple, what is the most reliable
method of obtaining and reporting information
about accidents and near-accidents?

Research Objective V. Determination of Principles

Governing the Efficient Visual Display of In-
formation,

A good display is one that facilitates the flow

of pertinent information to a human operator.
The principles governing the design of such dis-
plays are still incompletely understood and much
work is needed in this area.

Problem Area 1. Simplicity versus Complexity
of Yisual Displays. Studies are needed to de-
termine the relative advantages of displaying
a given amount of information (a) by meens
of a number of relatively simple instruments,
and (b) by means of a single complex in-
strument; We propose o general hypothesis
that there is a limit to the amount of in-
formation that should be crowded into a single

" display. Research is also needed to deter-

mine the maximum number of different woys
in which related information can be encoded
and presented simultoneocusly.

Hlustrative research problem. 1f one wanted
to depict, by means of a symbol on a cathode
ray tube, four things about an aircraft, it
would be possible to do this by using the
color of the symbol to depict one thing, its
size another, its brightness another, and its
shape still another - (its position, of course,
would provide information alongtwe addition-
al dimensions), Studies should be made to



determine whether a controller can respond
effectively to symbols which are categorized
simultaneously in as many different ways as
these.

Problem Area 2. The Disploy of Spatial Rela-
tions. Studies should be made to determine
principles governing the effective display of
information about the relative position of air-
craft ond ground objects in tri-dimensional
space. Numerous questions of great practical
importance must be solved in this problem
arec. These include the following:

a. What coordinate systems ond what type
of projections should be used in show-
ing spatial relations on bi-dimensional
pictorial displays?

b. How should information about spatial
relations be encoded on symbolic dis-
plays?

c. What combinations of symbolic and
pictorial displays are most effective?

Illustrative research problem. Test the
following hypothesis: In a semi-pictorial
airborne approach and landing display it is
better to show azimuth and elevation pic-
torially, with range presented symbolically,
than to show azimuth and range pictorially
viith elevation presented symbolically.

Problem Area 3. Coordination of Displays and
Controls. Studies are needed to determine
the display characteristics that are necessary
when the action taken in response to dis-
played information is o manipulation of con-
trols, and when this movement in turn results
in a modification of the display.

This problem area is particularly critical for
the pilot. The pilot sees the movement of
displays relative to his own eye and the rest
of the cockpit; yet he must interpret this in-
formation in terms of the movements of his
aircraft relative to the earth,

Problems which arise here involve direction-
of-motion relations between displays and con-
trols, the question of what is responded to -
displacement, acceleration, or some higher
order, and the optimum sensitivity of dis-
plays. Such problems have been receiving
some research attention, but as yet few
general design principles have been es-
tablished,

Hllustrative research questions. Should flight
instruments be designed in accordance with
the ‘‘fly-to’”’ or '‘fly-from’ principle? In a
pictorial display of the aircraft’s track over
the ground should the aircraft appear to move
and the ground appear to remain stationary, or
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should the airceaft’s location appear fixed and
the ground appear to move? When should
azimuth stabilization and when should head-
ing stabilization be used? How accurately
can controls be positioned in response to
derivative information? What is the optimum
sensitivity for a heading or back indicator?
Principles that will settle questions of this
sort must be established to achieve the level
of pilot performance required for precise
navigation and traffic control.

Problem Area 4. Displays for Quantitative Read-

ing. Studies are needed to determine prin-
ciples for designing displays so as to in-
crease precision, and reduce the incidence of
gross errors, in reading scales. Considerable
research has been completed on scale reading
precision, and on the nature and magnitude of
interpolation errors, but relatively few studies
are available on the origin of gross errors
such as ‘“‘reversal’’ errors, ond on ways of
minimizing such errors.

Sources of possible confusion in shifting from
one instrument to another, or in interpreting
different kinds of scales, should be in-
vestigated thoroughly. The potential value of
studies planned to eliminate the causes of
gross errors is indicated by the results of
recent experiments which showed that by
changing the face of the conventional altime-
ter the frequency of 1,000-foot errors could
be reduced by a factor of more than 10.

lllustrative research problem: Determine
whether the principle of combining a single
sensitive pointer and a counter to provide a
‘“long scale’” instument can be applied
generally in the design of many different
kinds of instruments.

Problem Area 5. Displays for Check-Reading

and Monitoring. Studies are nceded to deter-
mine principles governing the display of
simple yes-no information so that the eye can
quickly detect deviations from a null or de-
sired condition, picking out o deviating
instrument from among a large number of
normolly-reading instruments. We have ex-

~ pressed doubts about the svitability of o

human operator for most monitoring tasks.
However, there will continve to be many jobs
in which pilots and ground controllers will
devote part of their time to check reading,
which is an aspect of monitering. It is
essential thot they have properly designed
displays for this purpose.

lllustrative research problem. Conduct tests
of the following hypothesis: There is an
optimum visual angle for viewing any moni-



toring display, and speed and accuracy of
check reading will be impaired if display
size is too large or toc small,

Problem Area 6. Display of Stotus Information.

Studies are needed on methods of encoding
and displaying wecther information, on ways
of representing londmarks and terrain features
on maps, and on ways of summarizing infor-
mation on charts ond display bourds. Much
improvement can and should be effected in

this problem area. A few projects are being
supported by the military services, but these
should be supplemented by studies relating
especiallyto the traffic-controller and civilian
P".’n

lllustrative research problem, How should
the changing weather picture be displayed so
that it is readily aveilable to the pilot in the
form in which it is needed?

-35-



CHAPTER VI
PROBLEMS OF DIRECT VISION FROM AIRCRAFT

Under daylight conditions with good visibility
a pilot relies on vision from the cockpit for general
orientation, flight control, the avoidance of other
aircraft, and the successfil landing of his own craft.
At night and/or when visibility is reduced, instrument
displays and more elaborate traffic-control procedures
offer substitutes for certain of the visual cues of con-
tact flight, The quesdons which develop out of this
situation and which are to be considered here are two
in number, First there is the problem, How much in-
formation do pilots want from visual cues from out-
side the cockpit under different conditions of visi-
bility and with different kinds of instrumentation?
Second, How can this visual information be provided
most effectively as visibility becomes limited? The

obvious general way to meet a need for better vision | ’

from the cockpit under conditions of poor visibility is
through the use of marking lights and flood,lights, but
the most effective form for such marking and lighting
remains unsettled,

In pert, decisions on marking and lighting pros
cedures must await research results, but in very
important ways these decisions as well as the re-
search which is carried out in regard to them will be
determined by the instrumentation and blind landing
aids avaiiable to the pilot and his expected needs for
vision beyond the windscreen.

A. Airport Lighting and Marking

General. The airport lighting and marking problem
is in a sense all one problem, but it is convenient to
distinguish between the approach lighting problem
and the lighting of runways and taxiways. The task
of bandling the approach lighting problesr would
appear to require more analysis of requirements,
more basic psychological data, and more research
knowshow, while the runway and taxiway problem
would appear to be within the scope of simpler trial-
and-error procedures, The following discussion thus
deals separately with these two areas, Both have
been the subject of recent review studies sponsored
by the Committee on Aviation Psychology of the
National Research Council,

The Approach Lighting Problem.

Lighting needs. The needs for airport lighting
along the approachway can be set at a variety of
levels, depending upon the kind of instrument
guidance available to the pilot, the accuracy of that
guidance, and his confidence in it. At least three
levels of need may be delineated. The first is the
need of the pilot who would make a contact landing
on a clear night when, without lighting of some sort,
the terrain or ground plane would not be visible.

The second level of need is that of the pilot who
would shift to a contact landing procedure as soon
as his aircraft drops below an overcast. This is the
pilot whose aircraft is equipped with electronic aids
which permit him to make the early approach through
the cvercast in reasonable approximation to a desig-
nated glide path, but who wants contact landing
cues before he commits himself to a landing. The
third level of need for ground lighting in the approach-
way is that of the pilot who has even better equip-
ment and who would use ground cues as check or
confirming data only. Suc a pilot would use
electronic aids almost to the point of touchdown but
would we 1t enough information from outside the cock-
pit to confirm his instrument indications until the
threshold of the runway itself finally comes into view.

The lighting arrangements which will best meet
cach of these several needs are conceivably quite
different, as different, for example, as effective dis-
plays for quantitative and for check reading may be
from each other. The approach system which provides
the most useful contact guidance under certain visi-
bility conditions may fail to provide the most easily
obtained confirming information under poorer visi-
bility conditions,

Hence, approachway lighting research must be
formulated in terms of specific requirements. Which
set of requirements one seeks to fulfill may well
change his answers to such questions as the follow-
ing: How many lights must be visible to the pilot at
a time? Where should they be located in relation to
the approach path? What lamp pattern is needed in
the approachway? etc.

At present, many approach lighting systems are
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in use at different airports in this country. The fact
that they are all used successfully above the current
CAA weather minimums for '‘open’’ airports would
suggest that at these visibility levels, the particular
approach system one has doesn’t make much differ-
ence. Thus, approachway lighting is a problem
principally because we are interested in an ultimate
reduction of wrather minimums. The first need level
cited above is quite easily sacisfied, but need levels
two and three pose problems, particularly as we con-
sider conditions of progressively poorer visibility.

Tests of Approach Lighting Systems. Unfortu-
nately there is very little good evidence, either
experimental or observational, on the relative merits
of different approach lighting systems under very
restricted visibility, because too few pilots have had
enough useful experience with different systems under
restricted visibility to make qualified, unprejudiced
judgments.

There are many arguments for and against
specific solutions. Most studies of approach systems
bave been what we term in this report ‘‘systems
evaluations’’, and they have becen open to most of the
criticism cited in Chapter IX as applying to systems
evaluations carried out in the past. Needed are some
adequate experiments which will determine the extent
to which minimum visibility conditions for safe con-
tact landings are dependent on the particular approach
lighting system used, and determine the wost use-

ful light pattern for check guidance for highly:

developed instrument landings. Available procedures
for conducting such tests include the running of field
experiments, or the use of a flight simulator in a
laboratory, or both.

Approach-Lighting for Contact Landing Follow-
ing Breck-Through. Most of the work on approach
systems to date has been formulated in terms of the
second need level suggested above--that of the pilot
who wants good contact cues after break-through, The
search for the “‘best’”’ system to meet this need
begins, as is appropriate, with & consideration of
the specific information and task requirements of the
pilot who is to land by last-minute contact cues.

The Airport Lighting Evaluation Panel (see
Breckenridge, 1949), Kalberer (1950), and the Flight
Technical Group of the International Air Transport
Association (1950) have all made analyses of the
approach and landing problem and have outlined the
requirements of an approach system in terms of the
pilot’'s tasks during contact landing after break-
through. These requirements (somewhat paraphrased)
run as follows:

1. That the system should provide the following
informetion:
(a) Orientation of the ground plane, or horizontal
(b) Direction to the threshold or touchdown point
{c) Distance to the threshold or touchdown
(d) ldentification of the threshold

(o) Orientation of runway
(M Rete of travel or closure
(9) Departures from the glide path

2. That the system should provide such visual re-
ference that the need for looking back at instru-
ments, once the system is in view, be no greater
than the need for referring back to instruments
during normal contact landings.

3. That the opproach light disploy and the various
instrument displays vsed in approach and land-
ing be such that possible confusions during tran-
sitions from one to the cther are reduced to o
minimum, ( This is the problem of division of
attention discussed earlier in this report on
page 27, Chapter V.)

4. That the system be positively and immediately
identifiable and distinguishable from other light
systems, especiolly the runway.

5. That the luminous intensity of the system be
coordinated with that of the ruaway lights so
that glare and dozzle are minimized.

Minimum Information Required for Orientation.
Although much can be said for the reliability of such
“logical’’ analyses of approach lighting requirements
by experienced f‘lots and engineers, and certainly
there is good agreement between the sources cited,
they usually need “‘sharpening’ through experimental
test.

The fact is that we do not know exactly how
much ground information is needed for successful
landing after break-through. It is comnceivable, for
cxample, that a system providing only three items
of information from the above list would be adequate,
An experimental determination of these minimum
information requirements is one of the jobs for which
a simulator or a simplified laboratory setup would be
well suited. In effect, we need to know what patterns
and arrangements of light sources best define a
surface and one's orieatation to it when the observer
is moving relative to it.

The work of Gibson (1950) and others would
suggest (1) that a potentially ambiguous four-sided
figure is perceived as a rectangle.]; ing in ar avail-
able well-defined plane whenever the projecticn in the
plane is a rectangle, and (2) tha: mbiguous four-
sided figures are normally perceived as rectangle:
whenever possible, even in the absence of well-
defined planes, and that this very perception in each
case defines the plane of the rectangle.

This is another way of saying thac rectangles
have strong shape constancy--a condition not true of
triangles, to cite one exception. Reports that pilots
were . confused about ground plane orientation when
viewinga '‘funnel’’ approach pattern support these
propositions,
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But available data do not tell us how much
“rectangularity’’ is needed, or how much the use of
right angles in an approach pattern can be reduced
without producing disorientation, an unconvincing
ground plane, and unsuccessful approaches. It might
be found, for example, that a relatively few non-
extended light soutces (effectively point sources)
would define a rectapgle but not provide the basis for
a convincing ground plane, Presumably one advantage
of extended, bar-type or row sources would be that
they can be used tod define the horizontal as well as
a seties of right angles with the flight line.

The basic notion to be kept in mind is this:
Since the pilot’'s task in contact landing requires
adequate space perception, the obvious cues to give
him through the medium of an approach lighting system
are cues which will assist him in his space per
ception and orientation.
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These ptesumably should be cues which hé uses
regularly in ground activities and in contact flight,
Extended horizontal lines provide one cue to orien-
tation, Texture or detail provides a basis for judging
orientation and speed of travel,

A good hunch at the present time is that both
of these cues should be used in approach lighting
patterns (as indeed they are in many) in conjunction
with the ‘‘readily perceived rectangle’ discussed
above, but the specific details of the system which
will work best under low visibility need to be deter-
mined experimentally,

The program of research in this field must, of
course, be preceded by agreement on the criteria of a
good system, e.g. the kind of corrections that can be
made after break through,

Approach Lighting When There is Electrenic
Guidance Almost to Touchdown. When electronic
guidance is used right through to the vicinity of the
threshold and when the only contact part of the land-
ing is the final touchdown, the pilot ceases to be

interested in obtaining ground plane data from his
approach lights. .

Pilots who have been testing various Sperry
instrument landing aids suggest that the primary re-
quirements for this type of landing are for information
on direction to touchdown, and little more. The
approach lights need only to confirm or correct the
instrument indication that the plane is on course
(see Sperry Gyroscope Co., 1950),

At least two follow-up studies are needed re-
lative to this statement of the information requirement
of approach systems for highly developed instrument
lands: first to determine whether somewhat less
skilled pilots concur in this requirement statement,
and second to compare different light patterns for
their effectiveness in providing the desired infor-
mation,

The Question of Commitment in Londing. In
relation to the landing problems just discussed, there
arises the question of how far a pilot will proceed in
an instrument approach without getting visual cues
from outside the cockpit. Once a pilot goes below
a certain altitude or proceeds to a certain point
with his approach, he is committed to follow through
and attempt a landing. The point below which he
cannot pull out and go around, as determined by the
type of aircraft being flown, puts one reasonably
definite limit on this zone of ‘‘commitment’’.,

The pilot’s “‘emotional threshold’’ (as used by
Kalberer, 1950), and the accuracy of available instru-
ment aids may set a somewhat higher limit as the
point beyond which he would not commit himself to a
landing without outside visual cues. Presumably as
instrument-landing aids are developed to greater
precision and as pilots develop greater confidence
in them, the emotional threshold of the typical pilot
will be lowered until it approximates the pull-out
point.

Part of the problem of commitment is tied up with
tne adequacy of the pilot’s information about ground
level visibility. According to a recent report (1950),
present Weather Bureau data are not very accurate
indications of the altitude at which the pilot may
expect to sece ground lights in the approachway or
along the runway. For the night runs summarized in
that report, the Weather Bureau had implied poorer
conditions than the visibilitcy which was actually
encountered. For the day runs, the Bureau data had
a standard error of 100 feet. This problem is
discussed further on page 41, this chapter,

Comments on Some Features of Existing
Approach Lighting Systems. All approach lighting
systems in use or in design propose to show the pilot
“‘where to go’’. Lighted trails thus constitute a
single common feature. But these trails have Leen
single or multiple, straight or curved, parallel and
and nonparallel, There are good logical reasons for
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having a single-trail, centerline pattern in the
approachway (see [ATA report, 1950) but the endorse-
ment of any one system should await the completion
of tests of the relative effectiveness of different
trail patterns when marked with lamps of equivalent
power and construction - tests which could well be
carried out with & good sinulator,

Several systems have proposed to show the pilot
"how far to go” to touchdown (Calvert, Modified
Slopeline) but nothing is known about how useful such
information. is to the pilot.

The Slopeline approach lighting system is the
one system specifically designed to provide three-
dimensional cues in a direct manner--cues which
indicate to the pilot where he is with reference to the
glide path. The Arcata tests of 1948 (ANC-1948)
indicated that this system might be effective to ceil-
ing and visibility conditions of 25 feet and 1/16 mile
by day and O feet and 1/8 mile by night for planes
with good cockpit visibility. However, it still needs
to be shown that glide path cues will contribute any-
thing useful over and above the cues offered by a
satisfactory system of defining the ground plane.

Identification. The problem of identifying the
approachway to distinguish it from the runway, lighted
city streets, etc. has been handled variously through
the use of differential lamp patterns (in some systems)
between approachway and runway, differential color,
light size, shape, and flicker. The use of some
flickering lights, among the approach lights as
against all steady lights on runways, and the use of
extended bar lights in the approach system as
against nonextended lamps on runways, seem per-
fectly straightforward from the point of view that the
visual discriminations should be easy.

The usefulness of color unfortunately is limited
by the diminished discriminability of different colors
in heavy haze and by the fact that filters necessarily
reduce lamp beighmess, but to get the greatest return
from color coding, laboratory research on color dis-
crimination in haze is very much in order. How much
use can be made of lamp pattern itself as a way of
identifying the approachway depends, of course, on
what lamp pattern is arrived at from other consider-
ations, but clearly one assessment needed for every
double-trail approach pattern is a measure of its con-
fusion with the runway pattern.

Runway and Taxiway Lighting and Marking.

The most important operational requirements for
runway lighting and marking appear to be that they
provide the following information: (a) orientation of
the runway, (b) distance traveled along the ruaway,
and (c) location of turn-off points (see /ATA report,

1950).

Most pilots who have had experience with all-
weather :tests are agreed that runway marking is of

great importance. In the absence of runway marking
patterns which are specifically designed to facilitate
the landing maneuver, pilots make as good use as
they can of painted runway numbers, tar marks, and
any other available texture or contrast cues.

Among the marking patterns that have been pro-
posed or tried out are arrowlike or chevron markings
(Hober and Gerathewohl, 1948), sets of rectangular
bars or stripes, and comb-like patterns. The Calvert
pattern, which includes a bold runway centerline as
well as edge stripes, is cwrently in trail use at
certain airports in this country (LaGuardia, Newark,
MacArthur) and has evoked favorable comment. The
relative visibility of scripe or bar patterns as com-
pared with arrowlike figures has not been determined,
but one experiment on form perception (Helson and
Fehrer, 1932) indicates that the brightness threshold
for perceiving rectangles is lower than that for cir-
cular or certain angular figures. Of no small practical
concern in the testing of different patterns will be
the effect which patches of rain water on the runway
may have on pattern recognition.

Distance traveled along the runway can be coded
into the runway marking pattern (as both Calvert and
Kalberer propose) or can be coded into the runway
lights, General opinion holds that the present
practice of marking only the last 2000 feet of runway
(by changing to amber lights) is inadequate and that
more detailed distance data should be provided. It
is clear that this problem is not a difficult one to
deal with experimentally and that an early change to
some standardized distance marking scheme would
be highly desirable.

The problem of idemtifying turn-off points should
not be difficult in itself, but the solution to both this
and the preceding problem within the same display
system raises again a questior which was discussed
earlier in this report, that of how much sepacate infor-
mation can be presented effectively in a single dis-
play.

Evalvation of Alternative Procedures in Airport
Lighting Research.

The best available test data on the use of
different lighting systems under actual low visibility
conditions are the Arcata results, The fact is, how-
ever, that the Arcata tests are generally appraised
as having been inconclusive--as having answered
some minor questions, but left unanswered cthe most
important ones. This raises the question as to how
research on problems of airport lighting and marking
might best proceed in the future.

An alternative to field trials, as remarked earlier
in this section, is found in the development and use
of a good flight simulator. Such a testing device in
which different lighting systems could be cheaply and
casily ‘‘installed’’, may reasonably be expected to
provide data on the adequacy of pilot orientation
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during approaches with different systems, on the
adequacy with which he can recognize parts of any
given system and respond to them correctly, and on
the utility of particular features of different systems,
I should speed the collection of these needed data
since it would permit the running of many trails under
carefully controlled visjbility conditions, Calvert
(1948a), Breckenridge, and Bakan, among others,
have all maintained that simulators which can be
used in the laboratory provide the most effective way
of comparing alternative lighting systems.

The Use of Airport Lighting Simuiators. Once
ready for use in testing lighting aystems, chese
simulators will in fact be suicable for certain basic
research as well. Little is known about visual thres-
holds for moving sources, for lights which appear in
unexpected locations, etc. and simulators will pro.
vide one way of collecting such basic data. Although
plans were made within the last two years by the
Committee on Aviation Psychology of the National
Research Council to support the completion and use
of simulators for testing purposes of all sorts, this
work has not been undertaken,

One thing a simulator would fail to do would be
to put the pilot in any danger. This would be both an
advancage and a disadvantage--the latter being that
test results obtained with a simulator may not necess
sarily give evidence of the confidence the pilot
would have in the system in actual flight. The
simulator, like the instrushent training flight with a
safety pilot, does not put the pilot completely on kis
own and may not measure validly the minimum visi-
bility conditions under which a pilot would, in actual
flight, be willing to commit himself to a landing. The
simulator should assist, however, in answering many
minor design questions and in the development of
perhaps two, three, or four systems which could then
be given appropriate field trials, The latter would in
turn establish the validity of the simulator for hand-
ling comparable problems in the future.

In view of the cost, difficulty, and hazards of
field trials, as well as the uncertainties of getting
equally adequate data in all portions of a field ex-
periment, the recommended course of action in this
area is to defer further field trials until adequate
basic experiments in visual orientation and adequate
simulator tests have been completed and final
evaluations are in order,

When field crials are set up, provision should be
made for measurements of vertical visibility on every
tun, for an approximate equality of light output of
single units in all the systems under study, for
detailed recording df the plane’'s position throughout
each approach, for photo-recording of instruments
and pilot eye movements throughout approach, re-
cording of communications, and for the administration
of the tests by a research team impartial in its
attitude toward the several systems and interesced
only in collecting reliable evaluation data.

Validity of Simulators, Although we advocate
the extensive use of simulators in studying alrport
lighting problems we want to stress the importance
of reproducing in the simulator the essential kinds of
visual clues of pattern and movement that are avail-
able to a pilot in the air. This in itself is a research
problem. Some early flight tests may be necessary In
otder to check on the validity of results secured with
specific simulators,

B. Aircraft Lighting

The exterior lighting of aircraft to avoid cols
lisions is not an important problem for all-weathet
flying, but rather a problem for night flying under
conditions of satisfactory visibility, While consider-
able thought has been given to this lighting problem,
essentially no research has been conducted on the
advantages of different marking systems. Lamp ine
tensity, flash rate, and color have been varied in
different installations. Seemingly little thought has
been given to light configuration, the use of short
tows or bars of lights, and the like, Power considera-
tions always impose limitations on such lighting
systems, but the distinguishability of different lamps
and lamp arrangements gives indication of being a
profitable area of study.

C. Adequacy of Vision Through
the Windscrgon

Problems associated with the adequacy of vision
from the cockpit fall into two separate categories
which, most simply, may be called problems of
quantity and problems of quality, Problems of quantity
are concerned with providing enough windows in the
aircraft so that the pilotcan see enough of the outside
world to fly his plane safely and efficiently. Problems
of quality, on the other hand, are those of optical dis-
tortion, haze, scratching, and other defects in the
windows, which scciously distort or veil what the
pilot can see., The two groups of problems are suf-
ficiently different for us to deal with them separately,
Although some research was done in both areas during
the war, there are still many questions to be answered
and we have attempted below to summarize briefly
the important issues.

Field of Yiew from the Aircraft

Providing the pilot with an adequate field of
view from the aircraft runs into a serious conflict of
interests which must ultimately be resolved. Most
pilots would like to be able to see much more space
than they can from almost all present aircrafe. Air-
craft designers, on the other hand, would like, for
structural and other engineering reasons, to kecep the
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number of windows as small as possible. Further,
the trend toward higher speeds in aircraft is almost
universally associated with more streamlining and
smaller windows. This basic conflict between the
interests of the pilot and those of the designer poses
a very knotty problem, indeed,

Deficiencies in Present Aircraft. That pilots
do have valid complaints is borne out by the Arcata
results. Certain kinds of runway lighting systems
were not feasible with some aircraft simply because
pilots couldn’t see all the lights on the ground,
Other data collected by Romejko (1945) during
the war showed a correlation between the per-
centages of taxiing accidents and downward visi.
bility over the nose for five types of fighter aircraft,
P-38’s, which had the best downward visibility, were
involved in the fewest taxiing accidents; P-47's, with
the poorest visibility over the nose, had the highest
rate of taxiing accidents. However, the 1949 accident
at the Washington National Airport in which a P-38
flew into an Eastern Airlines DC-4 on the final
approach emphasizes in a tragic way the need for
even better downward visibility in aircraft.

Status of Research, Research in this area during
the war provided us with an instrument for measuring
fields of view (Leyzorek, 1945), a mathematical way
of expressing the field of view in units of solid angles
{Chapanis, 1944), and some measurements of the field
of view from military aircraft (Leyzorek and Romejko,
1945). Since the war Edwards, working at the CAA
Technical Development and Evaluation Center, has
been conducting similar studies with the aim of deter-
mining windshield areas which should be provided in
commercial aircraft.

The Aero Medical Laboratory has supported one
study (which unfortunately is classified) on the
possible uses of periscopes in the cockpit, and
Roscoe, at the University of Illinois, has conducted
several studies on the uses of an optical projection
system in landing, The latter method of providing
a view of the ground seems to warrant additional
study.

Optical Quality of Windows and Transparent Panels

A pilot must not only be able to see out of his
aircraft, he must also be able to see things undistorted
and undimmed by poor quality glass or plastic. Here
again, we encounter a basic conflict between pilot
requiremeants and engineering requirements.

Aerodynamic Considerations, Aircraft designers
would like to streamline aircraft as much as possible.
This usually means setting windows in at large
angles of incidence to the pilot’s line of sight, And,
unfortunately, large angles of incidence inevitably
decrease light transmission, and increase the devi-
ation and distortion of light rays through the panel,
Aircraft designers also would much prefer to use
curved panels rather than flat panels for aerodynamic

reasons, even though it is much more difficule to
manufacture curved glass or plastic with good optical
qualities. Finally, there is a marked trend toward an
increasing use of plastic, instead of glass, for trans-
parent panels because plastics are cheaper, lighter,
and easier to work, However this may be, plastics
scratch, fog, and haze much more readily than glass
and so raise another group of problems,

Status of Research. Unlike the fieldsof-view
situation, we do not even have adequate method-
ologies for studying the optical quality of transparent
seccions. There is little agreem:nt among manu-
facturers about how to measure distortion, haze, and
other optical characteristics of transparent panels.,
This, then, is the first important step which needs to
be taken.

There are a few studies, done during the war
(Pinson and Chapanis, 1946; and Chapanis, 1946)
which show marked impairment of depth perception
resulting from poor quality glass. Some pilots re-
ported difficulty in landing certain types of aircraft
because of the distortion produced by windscreens,
and there are documented case studies of air sickness
produced by distortion in the windscreens of certain
kinds of aircraft, The problems are real, but we
shall need much more thorough data before we can
formulate standards of optical quality for windscreens
which will be acceptable to pilots without placing
unreasonable demands on aircraft designers.

D. The Measurement of Visibility

The meteorologist regularly includes in his
weather report information concerning what he calls
visibility. Visibility data are employed in weather
predictions and, more important in this connection,
they are utilized by the pilot as an index of what he
may expect to see during flight, The meteorological
visibility is usually defined as the distance along an
horizontal path at which an indefinitely large and
dark object will just be seen by daylight.

Sources of Inaccuracy in Present Predictions.
There are a number of bases for inaccuracy in pre-
dictions, from the recorded meteorological visibility,
of how far a pilot may expect to see various objects
during flight. In the first place, the measure of visi-
bility made at the average weather station is a poor
approximation of how far the standard large and dark
object may just be seen along an horizontal path,
Generally speaking, large and dark objects are not
available, and they are almost never available at
each of enough distances so that the distance at
which they are just visible can be determined with
accuracy. Furthermore, it is not possible to measure
meteorological visibility at night since it is im-
possible to see a large dark object at any distance if
the night is sufficiently dark,

It has been customary to employ as the measure
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of visibility at night the value measured during the
day. Informed opinion considers it entirely unlikely
that atmospheric clarity remains the same between
day and night, since it has been shown that clarity
depends upon temperature change, which usually
occurs when the sun sets.

Physical Measurement of Atmospheric Clarity.
Because of the unsatisfactory state of the convention-
al visibility measurements, there has beea strong
support for the substitution of a physical measurement
of atmospheric clarity., Perhaps the best known of
the instruments designed to measure atmospheric
clarity is the transmissometer designed by C. A,
Douglas of the National Bureau of Standards. In-
struments constructed on different principles have
been designed by W. E. K, Middleton of the National
Research Council of Canada and 'S. Q. Duntley of
Massachusetts Institute of Technology.

There is at preseut considerable disagreement
as to which instrument will best measure the physical
quantity which corresponds to how far objects will be
seen, A further complication is introduced by the fact
that atmospheric clarity along paths from aircraft to
ground is not equivalent to clarity along an horizontal
path, There has been considerable interest, in this
country and abeoad, in developing an instrument which
will measure atmospheric clarity along slant paths.
Research is at present being conducted by E. O.
Hulburt and associates at the Naval Research Labo-
ratory, The Armed Forces-NRC Vision Committee
bas recently established a working group to consider
the research needs in this area.

Predicting What the Pilot Will See. Even if it
were possible to obtain a satisfactory measurement
of a physical correlate of meteorological visibility,
this measurement would not predict how far objects
of interest will be seen by the pilot. It is obvious
that few objects of interest are indefinitely large and
dark. r(here has been considerable research con-
cerned with the relative capacity of the eye to see
objects of different sizes and contrasts. Research
has been particulacly active during and since the last
WAL,

One organization currently engaged in research of
this type is the Vision Research Laboratory at the
University of Michigan which has been supported by
the Office of Naval Research. Data currently avail-
able would make it possible for approximate con-
version factors to be applied to values of meteoro-
logical visibility in order to predict the distance at
which objects of interest would be seen. Entirely
satisfactory predictions await further research in
which the objects of special interest to the pilot are
experimentally investigated. British research on
rockets whose flare is observed from the ground may
lead to important results.

E. Recommendations

Research Objective VI. Determination of Optimum
Conditions for the Use of Direct Vision.

Even with Extensive use of electronic aids
and automatic equipment for all-weather fly-
ing, direct vision will continue to be an im-
portant factor in many flight conditions,
especially for flights to small, marginally-
equipped airports, and for light aircraft
carrying minimum equipment. Therefore, some
research should be continued cn problems of
direct vision.

Problem Area 1. Airport Lighting and Marking.
Systematic studies should be made of such
questions as the following.

a. What cues are most important in permitting
a pilot to orient with respect to the runway
when he sees a pattern of lights from the
air?

b. What is the best way of indicating position
along the runway?

c. What foctors influence ability to shift
quickly from instruments to greund dis-
plays, and from ground dispiays to instry-
ments?

d. What is the interaction between approach-
light design and the design of cockpit
instruments?

We believe that work on these problems should
be carried on chiefly in the laboratory, through
use of simulators. However, this should be
accompanied by some carefully planned flight
test work to check on the validity of the cri-
teria employed in the labotatory reseasch (see
Research Objective 1V).

Problem Area 2. Vision from the Cockpit. Studies
should be continued to determine by scientific
means the required field of view from the
cockpit, and the required quality and angle of
transparent sections. The efforts of the CAA
Technical Development and Evaluation center
along these lines should be supported. Every
effort should be mode to see that manufactur-
eors meet the vision requirements that are
already known,

In addition to studies of requirements for
direct vision through the windscreen, the
possibility of providing supplemental views of
the terrain and other aircraft through the use
of reflective or refractive optical systems
should be investigated. Such studies will be
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closely related to those on the use of pictorial
displays of space relations(such as television
displays).

Hlustrative resecrch question. How does the
accuracy of munual lsndings in marginal
weather vary as a function of the field of view
through the windscreen?

Problem Area 3. Measurement of Atmospheric Trans-

mission Choracteristics. Studies should be

continued to determine better ways of measur-
ing and predicting the conditions of visibility
that will exist during a landing approach, and
of improving visibility through the choice of
the type oand spatial distribution of energy in
airport light sources.

lllustrative research problem. What ways of
measuring visibility from the ground agree
most closely with actual visibility of airport
lights from the cockpit of an approaching air-
craft?
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| CHAPTER VI
VOICE COMMUNICATION

* Voice communication has alwavs heen an essen-
tial -element in air navigation and traffic control. It
- offers the quickes: and simplest means of requesting
and of providing many kinds of information. We point-
ed out earlier that both pictorial and symbolic visual
displays enjoy peculiar advantages for communicating
certain kinds of data, For example, information re-
lating to terrain is far more adequately represented by
maps or pictutes than by a verbal description, How-

ever, there is reason for supposing that spoken lan- }

guage will continue to play a significant role in air-
traffic-control in the future, Let us consider briefly,
therefore, what may be done to put this part of the
total traffic-control problem on a good footing.

There appear to be four ways of improving voice
communication for purposes of air-traffic- control.
These are: (1) by improved technical equipment de-
signed to minimize the harmful effects of noise; (2)
by systems research aimed at identifying and elim-
inoting some of the current '‘bottlenecks’’ in commun-
ication links; (3) by studies of the voice signal in
relation to the talker with the view of exploiting his
maximum capability as a transmitter; ond (4) by psy-
chological research to determine how to formulate and
present verbal messages to humen operators in such a
way as to insure maximum accuracy in the shortest
time.

A. The Technical Improvement
of Voice Communication

The actual state of voice communication in avia-
tion today falls short of what is technologically pos-
sible. All that a person needs to convince himself of
this is a good short-wave receiver and a few minutes
to ‘'listen in'’ on some of the stancard channels. Al-
most certainly these deficiencies contribute to some
failires in air navigation and traffic control. Both air
route traffic controllers and tower controllers agree
that lack of adequate communication facilities is the
chief ‘‘bottleneck’’ in present air operations (see
Appendix Il).

In contrast with this, we know that the technical
means are available for very good communication be-
tween any two points--witness the existence of broad-
cast facilities that put program material into every
corner of the United States at the same time. From a
purely technical point of view, the pilot could be pro-
vided with far better quality in his voice communica-
tion channel if we were to set out to accomplish this
end.
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Technical Requirements

First let us consider briefly, what the require-
ments are for satisfactory voice communications.
Then some of the difficulties in meeting these require-
ments will be considered.

These requirements rre adequately stated in any
one of the several matnematical articles that have
been published recently by French and Steinberg,
(1947), Beranek, (1947}, and Fletcher and Gale, (1950).
In general, we may assume that the total spectrum of
speech sounds may be divided somewhat arbitrarily
into about twenty bands. In each of these separate
bands the speech signal must be more intense than
the noise in the same band by a satisfactory margin.
Furthermore, in the interest of naturalness and to
avoid interband masking, it is des‘rable to have uni-
form amplification in the various bands.

In specific terms, satisfactory speech communi-
cation requires that the speech sounds be picked up
from the speaker and transmitted to the listener with
uniform amplification between 300 cps and 6,000 cps,
the signal reaching the listener’s ears being at least
15 db more intense in each of twenty bands than the
noise at the same point,

Noise Limits Adequate Communicaiion

So much for the formal requirements, They are
simple and clear enough and, more important, the tech-
nical means by which they can be achieved are pretty
well known, What are the difficulties? In terms of the
technical operation of such a system, the chief cul-
prit is noise. Let us c~asider briefly the problem of

44



noise and then look at two other important factors that
limic the present efficioncy of voice communication
channels, namely, inadequate engineering and eco-
Aamic limitations, (It ahould be noted thatwe are deal-
ing here only with the signal as it reaches the human
ear, and not with the question of whether the listener
interpreta the signal correctly).

The sources of noice are three in number: first,
acoustic noise that gets into the microphone; second,
electrical noise that enters the circyit in the equip-
ment ond radie teansmiggion link; and third, acoustic
noise gnigeing the listener's ear directly. The three
spurces of noise are summative, that is, noisc once it
enters the system must be added to the noise from
othet sowrces and cannot be eliminated later, The
magnitude of the noise is measured with reference to
the signal, that is, the | tant factor is to achieve
a favorable over-g|l aignal-to-noise ratio.

Blectrical Noise is on Engineering Preblom

Electrical noise atines from a wide variety of
sources. It may consist of atmospheric static, or r-f
radiation from ignition systems and other electrical
equipment in the plane and on the ground, and finally
of background noise in the transmitter and receiver,

Most kinds of electrical noise cannot be removed
by simple measures. Atmospheric static, for instance,
has a given intensity at any particular place and time.
Its intensity cannot be altered. The degree to which
it interfers with radio transmission will depend on the
location and intensity of the disturbance, propagation
conditiany, the band-width of the receiver, etc. Within
rather wide limits, the only way to beat atmospheric
static is to put onthe receiving antenna a signal which
is stronger that the competing static. This means
more powerful transmitters located at shoet distances,
and, of course, wide geographic separation of stations
on the same frequeney, Likewise for receiver back-
grownd aaise, the solution is an increase in r-{ signal
sirength, Ignition noise, and other forms of man-made
static can, of course, be controlled. In this case, the
problem is largely one of adequate maintenance. The
method of modulation (f-m and a-m) is also important.

This is not the place te go into detail concerning
the electrical and emgineering problems involved in
finding the most practical way to reduce electrical
interference. Two comments are warranted concerning
the psychological aspects of the problem, however,

Firat, proposals have sometimes been made for
noise<teducing circuitry that reduces the audio-fre-
quency range of the system, This may result in an
apparent impcovement of the signal-to-noise ratio with-
out any real benefit so far as the listener is concern-
ed. The ear is fundamentally a highly efficient fre-
quency-selective system, and external restriction of
the range almost never improves on the ear’s achieve-
ment,

Second, some of the more elaborate noise -reduc-

tion circuits, such as '‘hole punchers’’, which filter
out certain bands in the spectrum, may give rise to
peculiar and unpredictable forms of distortion. It is
not anticipated, however, that such devices will play
any great role in air-traffic-control systems.

Noise Surrounding the Pilot

The noise that reaches the ears of the listener
directly presents a number of somewhat unrelated prob-
lems, These had best be discussed separately for
the pilot and the ground controller,

At the pilot’s position, as is well known, listen-
ing conditions are often rather bad. The airplane
noise can, and should, be reduced by proper acous-
tical treatment of the plane. But this will not always
be effective, and pilots will open windows, which
more than offsets the best work that the acoustical
engineer can do. '

Under these circumstances, resort must be had to
two measures, First, the pilot’s headset or helmet
should exclude as much sound as possible. From 10
to 30 db of insulation can be provided readily by a
comfortable cushion such as was used by the U. S,
Navy during the recent war. Equally good insulation,
although less comfortable, is provided by the standard
Air Force sponge rubber cushion. It should be noted,
however, that such cushions are not a matter of
chance, that '*any old cushion’’ will not give equal re-
sults. Recent work of Bekesy suggests that 30 to 35 db
is the best that can be expected of any such device.
What is now required is probably not new headset de-
signs but rather some effort to make good headsets
more generally available.

The second part of the solution is to provide an
adequate signal at the pilot’s ear. Wartime experience
suggested that adequate audio power was one thing
on which most manufacturers skimped. Any single
figure is somewhat arbitrary, but something in the
neighbothood of 500 milliwatts per headset is indi-
cated. Furthermore, careful attention should be given
to be sure that, as the power is pushed up, perform-
ance does not deteriorate when the receiver is over-
loaded.

Babble in Control Centers
Let us turn to the ground operator.

The problem of reducing the babble in Control
Towers and Air Traffic Control Centers would appear
offhand to be more nearly a straight operational prob-
lem than anything else. It is clear that ten people
connot converse effectively in a small, highly rever-
berant room; yet this is very nearly what is attempted
in some cases.

The telephone company learned many years ago
that central exchanges could not be operated by hav-
ing an operator sit facing a bettery of separate tele-
phones, each with its distinctive bell, teying to
answer each in turn. The steps to be taken require pro-
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gramming of communications just as much as pro-
gramming of air traffic,

The most serious offender in the present arrange-
ments is the open radio circuitin a stand-by condition.
Since most receivers have AVC, gain is automatically
increased until background noise and static reach
signal levels, It is inevicable that, with three or four
such lines, there can never be favorable listening
conditions. The first step would seem to be some kind
of interchannel noise suppression; but if it is pos-
sible to achieve this, then some kind of annunciator
or ring-down device could also be attached. There is
really no reason why the tower operator should not
have the same kind of communication facilities as
does the agent at the ticket counter, line lamps, ring-
down relays, etc, If it is concluded that all circuits
must have a continuous aural monitor, then the least
that could be done is to let one man serve this func-
tion and have him assign the channel to the appropri-
ate controller until his traffic is cleared. The pan-
oramic adaptor is another possibility here. It permits
the operator to be in aural contact with one station,
and at the same time get visual indications from all
stations on neighboring frequencies.

The psychological factors underlying the tower
operator’s problem are fairly clear, Good communica-
tion requires a signal-to-noise ratio of roughly 4 to 1.
This cannot be achieved when several equally loud
signals feed into one man’s ears with equal priority.
Furthermore, unless there is some important overlap,
it is probably more efficient for the operator to handle
one message at a time. In general, the more important
problems needing investigation here do not have to do
with voice communications per se but the total infor-
mational input to the single operator.

Talking Over High Levels of Noise

The third source of noise is at the microphone of
the talker. In some ways, this is the casiest problem
to solve, at least up to a certain point, Beyond a

given level of ambient noise, it is the most difficule,
The limiting factor, of course, is the speaker’s voice.
The easy way to get a good ratio of signal to noise at
this point is to bring a microphone up close to the
speaker’s lips. By careful use of a good microphone,
quite satisfactory results can be obtained so long as
the noise does not exceed about 105 db in over-all
level. Thus, if movable microphones are used in con-
trol towers, there is little reason that this source of
noise should be disturbing.

There are unfortunately a fair number of aircraft
in which the 105 db level is exceeded, at least in the
cockpit. For these planes the solution lies either in
(1) sound treatment of the plane, or (2) o microphone
provided with a suitable noisc shield or other noise-
cancelling features. Work remains to be done along
the latter line although reasonably satisfactory in-
struments have been buile,

There are also serious ambient noise problems in
some of the newer GCA installations. These are pro-
duced by noise which gets into the radio channel and
adds unnecessarily to the pilot's difficulties, There
is no evident reason why attention to the needs of
the users on the part of the equipment designers can-
not cutdown this source of noise to acceptable levels.

Why Not Improved Equipment?

From this brief survey it would appear that there
are not any great hurdles in the path of getting satis-
factory voice communication. The laws of phvsics
impose limitations, it is true, but let us repeat what
was said above, namely, that there appear to be on
hand, or there can be developed, all of the technical
devices that will give first-rate communication be-
tween pilot and ground, or between one ground station
and another. Why don't we have such facilities today?
Perhaps the answer lies beyond the mission of this
report, but let us mention two important road blocks.

The first is inadequate engineering. By this is
meant the failure to apply fully the information that
is available today. It is fairly evident that the voice
channels have been the step-child of the navigational
and traffic-control systems.

Radio voice links have been taken for granted
while engineering personnel have been busy with the
more . spectacular crop of war babies like DME, sur-
veillance radar, and the like. Even less attention has
been given to the audio-frequency characteristics of
such systems than has been given to the radio-fre-
quency problem. It is axiomatic that these problems
will not salve themselves and imptovement will come
about only when airlines, manufacturers, and govern-
ment administrative agencies give sustained attention
to the problem.

On the other hand, when a determined effort is
made to improve voice communications, there will ap-
pear a number of interrelated problems that may be
called economic. As illustrations, there are limits to
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the weight of equipment that can be carried in a plane,
to the cost of building radio equipment to very high
standards of precision, to the number and power require-
ments of ground facilities that will give interference
free transmission, and to the space available in
crowded terminal facilities.

All of these have to do with what it will cost to
bring voice communications up to acceptable stand-
ards. In some cases, these economic limitations are
slready quite real. In small private aircraft, for in-
stance, the weight limitation is a very real one. So is
probably the. cost of building a larger number of more
powerful ground scations,

B. The Improvement of Communication
Systems

Consideration should be given to the numerous
complaints that are lodged against the telephone and
tadio circuits by the people who are using them under
present operating conditions. These are detailed in
Appendix II of this report, and they seem to show that
the ratio circuits are not only the step-child of de-
velopment programs but also the undeserving scape-
goat for & good manytroubles.

Minimizing Delays. Delays in communication he-
tween centers, between controllers and pilots, and
between tower and center, represent a breakdown in
the very nerve-fibers of control. It is hard to under-
stand how control can function at all if delays of from
5 to 10 minutes sometimes occur in getting through to
a neighboring control center.

To outsiders, such as the writers of this report,
these delays do not make sense. Suppose that each
position in a control center were provided with the
ten (or twelve) keys of a modem frequency signalling
system, and that the centers, control towers, company
radios, and auxiliary facilities were interconnected by
modern crossbar switching, In less ckan two seconds
any controller could be in touch with any other person
in the system to whom he wanted to give information
or from whom he wanted te receive it. 1f desirable,
the connection could bridge the line being called so
that direct information would be obtained about the
busy condition at the other end. Direct intercon-
nection with company radio would permit talking to
the pilot without the interveation of a third person.

Systems Studies. Studies are already under way
that will consider some of the traffic load and trunk-
ing problems of such a system. The Bell Telephone
Laboratories, for example, are reviewing the entire
problem of traffic-control-center communications for
the CAA, It is to be sincerely hoped that these
studies will not stop with the conventional facilities
but that they will go ahead to outline what can be
done with the equipment and facilities that need no
development but can be taken down from the shelf to

provide almost an Aladdin’s lamp in comparison with
some present communication circuits.

C. Improving the Voice Signal ot lts Source

Here, as at many other points of this report, we
might consider some of the personnel problems in-
volved in selecting and training operators but it is
beyond the scope of this report to deal with these
problems. We would like to point out in passing that
people can be tested for the intelligibility of their
voice signals, and that speaking ability can be im-
peoved by drill and by policies that emphasize that
on-the-job voice communication should aim at one-
time transmissions.,

Apart from the selection and training of speakers
there are several ways in which the design of equip-
ment and communication systems interacts with the
speaker in such a way as to affect the voice signal.
These iateractions are important for communication
engineering and are a legitimate topic for human
engineering.

Control of the Side-tone.

Side-tone is the auditory experience of the talker
as he hears his own voice, The signal may reach
his hearing mechanism either through bone conduction
or by an around-the-h.ead route from the mouth to the
ear, In circumstances in which the talker wears'a
headset he may hear from his earphones essentially
the same level of signal that his other listeners
receive. Harvey Fletcher found that a strong side-
tone tends to reduce the vocal intensity of the
speaker. Lightfoot and Morrill have confirmed these
findings., Thus, equipment-wise, the level of the
side-tone should be reduced in order to keep the
talker’s signal at a high level. .

The time aspect of side-tone is especially inter-
esting. Delayed side-tone is an auditory feedback
that is out of time with talking event. Such delays
may occur over lines of cascaded amplifying units,
Noticeable delays are more common in circumstances
in which the output of a communication system enters
a room and then, together with echo, re-enters the
electrical system. '

The effect of noticeably delayed side-tone upon
the speaker is to block temporarily his progress in
talking, or.with small delays, to stretch out or pro-
long the utterance of a message. Black (1951) reports
that within the range of delay from .02 to .30 sec,
maximum retardation of speech occurs with about .18
sec. The time of transmission of short messages is
increased by more than 100% with this delay. Investi-
gations are underway to try to determine the deleteri-
ous effect - if any - of the delay that occurs in normal
speech because of the air link between the source of
speech and the car,

Two persons communicating with each other may
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also sometimes be caught up in an unstable feed back
system. If the signal to one man is weak and the
other loud, the first talker may spesk louder and
louder while the second talker may speak softer and
softer, and thus each feeds signals to the ather that
tend toward even greater instability.

The Acoustic Environment

The acoustic environment of the speaker may be
interpreted as having two major aspects, (1) the sound
thot the speaker hears immedictely before he trans-
mits, and (2) the external sound that surrounds him as
ne speaks.

The speaker is affected by at least two aspects
of his acoustic environment in a manner to alter his
effectiveness in communications, First, sound in-
tensities, other than ones produced by side-tone,
cause the speaker to raise the intensity level of his
voice. Second, in two-way conversations the speaker
tends to take on some of the characteristics of the
voice to which he js responding. I, thus, becomes
possible to control the resgonding speaker’s voice
advantageously by feeding him a moderately strong
signal that is precisely articulated(see Black, 1950a,
1950b).

D. The Improvemont of Message Reception

Aside from the improvements resulting from the
application of research findings to equipment and
operational procedure, there remains the additional
possibility that the speed and accuracy of communi-
cations may be enhanced by the more efficiep: word-
ing of messages and/or the more rapid presen:-*ina of
auditory information to the listener,

Message Formulation For Listeners

The language of air-traffic-control in present use
has evolved through years of usage, dating back to
the '*Ham'’ radio operators, and is not the product of
linguistic research. Although considerable standard-
ization of yocabulary (and of some messages) has
been attained, it is by no means apparent that the
standardized system in current usage is the most
efficient one that could have been devised. Indeed,
it is highly doubtful that such is the case.

Furthermore, much voice communication is not
well standardized, and there are many variants even
of the standardized yocabulary. It is striking to note
the wide discrepancy between one control tower and
another with respect to the phrasing of messages in-
volved in identical operations., Also, as traffic
density increases and controllers have more to do,
they frequently use non-standard (abbreviated) phras-
ing. It seems probable that message intelligibility

is reduced and cransmission time increased by this-

lack of a uniform, scientifically-designed communi-
cation vocabulary, Added to noise, as a source of

communication incfficiency, is a poorly formulated
set of messages, transmitted in individual vacaby-
laties.

Message analysis research is currently in pro-
gress, which has as its objective ultimate imprpve~
ment in message wording, One of these studies (now
being undertaken by the Medical Division of the CAA,
and by the Human Resources Research Lahoratories
of the USAF) is designed to secure the pecessgary
data to construct an internatipngl aviation vacabulary
for use in air-traffic-control. Other message analysis
studies, in progress at the University of Virginia,
have sought to define the fundamental ‘‘message
units"’ involved in military commynicgtion such as
strategic long-range missions, and in such short-
range operations as ground-controlled ipterception
and close support of ground trpaps, The communi-
cation measurement program being conducted by the
Franklin Institute for the ANDB should alsp con-
tribute materially to the general problem of message
formulation. Message formulation reseacch seems
highly relevant to the communicatiop involved in aic-
traffic-control and air-navigation operations. The
optimum redundancy of messages for listeners is an
important problem (see Chapter [V, Section G.).

Relation of Message Formulation g Speaking

Althqugh rputipized messages are largely com:
ceived interms of accompadating the set of the listen-
er, there is the corollary problem of accommodating
the capacity of the seades. The sender is typically
less intense at the end of a phrase than at the on=set
of talking. Also the length of transmission per breash
decreases with conditions of high algitude, Pgssibly
the talker's efficiency at the end of 4 pnit af garmal
speech approximates his condition at the beginqing
of 8 trapsmission at altitude, althqugh this equiva:
lence has got peen established.

The ultimate system of routinized messages
should be construgted to accommodate (1) the
busingss of the mament, (2) listensr set, (3) spanker
efficiency. The Naval School of Aviatiop Medicine
is exploring the possibility that message wnits of
five syllables may represens a4 feasible compramise.
satisfying listening, talking, and business.

Monitoring More Thap One Channel

It is often desirable for a listeger ta be ghle to
get information from more than one source. The head-
set, however, provides only one-channel monitoring
at a single instant. The single-garphone headset is
frequently employed commerically and in training to
provide two-channel monitoring - one electrical and
the other face-to-face communication. This situatjon
occurs in the cockpit of commercial aircraft.

Whereas in military flights it is standard practice
for the pilot and co-pilot to wear a helmer and often
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an oxygen mask, this is rare in commercial flying,
Hence, in military situations, use of the interphone
between the pilot and co-pilot is standard practice;
in commercial flying the pilot usually talks to the co-
pilot in open air,

The result is that a headset is rarely worn over
both ears at the same time. A few tests suggest that
this procedute does not seriously interfere with the
efficiency of radio reception, provided the cant of
the headset does not break the seal of the cushion
(hence, the goodness of the insulation) on the ear
being used, This question deserves investigation,
with regard to the efficiency of the open ear, the ear
with the headset, and the influence on the latter of
noise entering the unprotected ear,

E. The Ear Versus the Eye as
a Means of Communication

One of the most frequently asked, and least fre-
quently answered, questions that is put to the psy-
chologist is whether it is better to give information
to a man by eye or by ear. Actually the problem is
one that has received a great deal of attention,
especially in the area of education since the in-
vention of the motion picture. After all the work that
has been done, the best thing that can be said is that
there is no general answer.

It is pretty well agreed that the ¢yes and the ears
are far ahead of any other sense organs that we can
use for communication, But of these two, ecach has
its special characteristics and only a tareful and
detailed statement of the particular problem can elicit
a clear answer. Even then a practical test of the
two alternatives may be the best recommendation that
¢ be made. We offer here a few generalizations in
the hope that they may point the guiding lines in such
a particular analysis.

Basic Differences Between Vision and Hearing

The most important distinction between vision
and hearing is that vision is organized with respect
to space, and hearing with respect to time. There
are, of course, temporal properties of things seen,
and spatial localization of sounds heard. But these
are secondary, Along with the difference between
space and time goes a difference in what fills them
in, The eyes see objects in space; the ears hear
events that happen., With our eyes we orient our.
selves, and see both objects and ourselves in re-
lation to one another. Our ears furnish us with a
sense of continuity and tell us when things start and
stop. These differences are very fundamental, yet
the two senses fit together and neither is sufficient
without the other for normal activities,

Superimposed on the inborn Jifferences between
the two senses are the ways we are taught to use

them, Through the eyes we build up knowledge about
many complex geometrical properties of the world.
With them, we are sble to make directly quantitative
judgments of high accuracy., Furthermore, as mention-
ed earlier the development of the so-called '‘con-
stancies’ permits us to judge the properties of
objects abstracted from the accidental circumstances
of their location, orientation, illumin- tion, etc.

These complex perceptual skills often make a
man’s eyes more useful than elaborate instruments.
In contrast, the ears of the most useful in direct face-
to-face communication. Coupled with man's ability
to speak, our ears provide us with spoken language,
Written language is always a later and slowly learned
substitute for speech,

Where the Ears are Better

At the risk of being somewhat superficial, we
can list some of the more obvious situations in which
the ears are probably superior to the eyes.

1. As an alarm, where a signal must be given at
an unexpected time in a long eontinuqus watch.

2. As a signal where timing is important, such as
a ‘'Ready, Now!"’,

3. Where the process of communication is two-way,
the efficiency of the conversation depending on
the rapid give and tgke of messages.

4, Where the rate of informational input is very low
but where it myst be relatively continuous
such as monitoring some progcess continuously.

It will be noted that all of these examples have
the one aspect in common, namely, that time is the
important variable either interms of the gbsolute time
of occurence or in terms of rate of change,

Where the Eyes ore Better

A corresponding list for the eyes might be as
follows:

1. When “‘relationgl’’ information, as defined else-
where in this report, is to he presented.
Broadlv, this probably means in‘grmarion that
can be presented meaningfully with respect to
two orthogonal dimensions.

2. When complex information must be displayed
briefiy although it requires q longer period for
its appreciation. The PPl screen is perhaps
one example.

3. In the display situation, (or equally good, the
trigonometric table) where a great deal of po-
tential information can be stored and use made
of the analytical ability of the eyes as they
search through the total display ‘or the rele-
vant information. Cathode-ray storage tubes,
facsimile, etc., are devices that take advantage
of this ability of the eyes.

4. Where it is possibie to make quantitative es-
timates directly, such as ‘‘half as much’' when
interpolating in scaled reading.
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The eye finds its usefulness, then, where it is
judging spatial properties, or information that can be
displayed in spatial terms. In addition, the eyes have
the sdvantage that they can search through informa-
tion and single out wanted items, and, from a practi-
cal point of view, it is much easier to store visual
information, By the same process, the eyes are at a
disadvantage in picking up and reading sudden

signals,

Research comparing the eye and the ear as
channels of communication is underway at the Uni.
versity of Virginia, under Air Force contract. (See,
for example, Cheathar, 1950;) Day and Beach 1950).
Among the recent (unpublished) findings at Virginia
is that under conditions of divided actention auditory
reception appears superior to visusl for messages:
employing language,

The Eye and Bar Are Only Sensing Devices.

When we consider specific problems of air-
uraffic-control, we sometimes find that neither visual
nor auditory methods of presentation possess any ine
herent advantages, We venture the assertion that for
much of the information requiced, ir makes no mater-
ial difference whether eyes or ears are used.

Many of the decisions which will be made de-
pend upon highly asymbolic forms of information, It
is often immaterial whether such symbolic material
is presented to 8 man as words spoken or as numbers
read from a dial. In cither case, the important limita-
tion is the ability of the recipient to haadle just so
many numbers at one time, just & certain complexity
of the material presented. The sensory channel used
makes rather little difference.

The critical questions are not eye versus ear,
but rather such questions as: |s the information en-
coded in the mest vseful form? Dees It have to be
tronsformed before it is used? Does the instrument
store the information in useful form, ond release it
as soon as it has been utilized? Attimes the eye
and the ear may supplement and reinforce each other;
at other times one or the other may be more effective;
and, finally, the entire system must be planned to
make sufficient use of both.

F. Reconmendations

Research Objective Vii. Determination of the Psy-
chological Requirements for Communication
Systems.

Communication is an essential element in air
navigation and traffic control. Many of the psy-
chological requirements for good communication
systems are already known., However, some of
these have not been implemented on the tech-
nical side, and some important questions of com-
munications still lack psychological answers.

-50-

Problem Area 1. Improvement of Veice Trous.

mission. Studies should be mede of seversl
special listening and speaking preblems. Ways
of improving the preduction of veice signels
through the contrel of side tone should be in-
vestigeted. The efficiency of listening with
one eur should be investigated under o vare
ioty of masking and distracting conditions.
$Studies employing both acoustical and psy-
cholegical methods should be made to dis-
cover the effect of a smel! enclosure on the
human voice,

lllustrative research questions. When using
an oxygen mask or & noise shield, why is the
loss of intelligibility suffered greater than
would be expected on the basis of physical
measurements of the enclosures alone? Can
one of two competing conversations be heard

. more or less effectively whea both ears hear

both, oc when each ear hears only one?

Problem Area 2. Improvement of Message Form.

viation. Studies shevld be made %o determine
optimum woys of formulating or enceding mes-
sages for tranamission by voice or other
moeens. The requirements of beth the speaker
and the listener should be considered. This
topic, ond the related one of enceding infer-
mation in relation to the astion to be taken,
call first for the kind of besic reseerch on
human informotionhendling copacity receme
mended under Research Objective I,

When successful methods have been de-
veloped for measuring the information-handling
capacity of the human operator, comparisons
should be made in a wide variety of situa-
tions using visual and auditory inputs to es-
tablish more cleasly the opiimum conditions
for each type of presentation,

IHlustrative research problems. An internation-
al language is neceded for air traffic control,
Should this be s spoken language, a printed
innguage, or & set of arbitrary symbols?

Problem Area 3. Optimum Use of Visual and

Auvditory Means of Cemmunications, Studies
should be made of the relative advantuges of
ouditory and visval messuges including com-
perisons of auditery-sequential-periedic and
visual-simultaneousccontinveus presentetion.
Studies sheuld alse be made of the advontoges
achieved by simultenceus ouditory ond vis.
val presentetion of the same infermation, end
the relative advanteges eof uni-sensory and
multi-sensory deta disploys.

lllustrative research problem. Tests should
be made of the following hypothesis: If it is
necessary to give an operator an important
message, it is much better to give it to both
the eyes and ears than to one sense alone.



CHAPTER VIll
SYSTEMS RESEARCH , ANALYSIS, And EVALUATION

Long-range plans for research on air-traffic-con-
trol systems must include provisions for systems re-
search, analysis, and evaluation. These operations
are ordinarily associated closely in any practical re-
search program, but they have somewhat different
aims,

general principles that can be applied to the design '
and development of new systems. It is concemed
with the question: Whaot kind of system is needed? |

System analysis has as its aim the discovery

and identification of sources or error or variability |

in a system, the measurement of the relative mag- 'HS

nitude of the errors contributed by the various sub- -§

systems, and the arrangement of the man-machine NN

elements in a system in their most efficient comb-
ination, System analysis tells the design engineer
about the weak links in the system--the components
that need to be improved--and suggests directions in
which further developments may profitably proceed.

System evaluations measure the efficiency and
output of a total system so that it can be compared
with other systems. The evaluation is, in a manner
of speaking, a final examination. When the design
engineer has done the best that he can with a new
system, a system cvaluation will tell him whether
his new system is any improvement over the old
system.

Definition of ‘“Error’’ in a System. We can dis-
tinguish four kinds of errors in a system, These are
(a) qualitative errors, (b) quantitative errors, (c) tem-
poral errors, and (d) sequential errors. Qualitative
errors refer to errors of kind; quantitative errors to
variations in amount; temporal errors are delays in a
system; and sequential errors are those that occur
when an operation is performed out of its proper se-
quence, or, at least out of its most efficient order.
In many contexts variability and error are synonymous,
These sources of error are discussed more in detail
later ia this chapter.

Definition of a System. It is worth emphasizing
that the word '‘system’” includes the entire as-
semblage of men and machines which are concerned
with air-traffic control. We particularly stress the
" words '‘entire assemblage'’ because experience has
shown that isolated man-machine elements, even
through they function well in the laboratory, may not
perform efficiently when they are installed as links
in a large system.

A. Some Criticism of Equipment
Evaluations Carried Out in the Past

Subjectivity. In the past, evaluations of sys-
tems and new items of equipment have frequently been
infused with highly subjective elements. Engineers
who design gadgets and organizations that sponsor
their development naturally have feelings of personal
investment in their inventions and it is only human
that they may fail to appreciate some of the short- -
comings of their brain children.

Use of Overly Skilled Observers. In addition to
this source of bias, most engineers are prooly qual-
ified to evaluate equipments from a human-engineering
standpoint, They are, in the first place, often more
highly trained and more intelligent than the average
person who will actually operate the equipment. Com-
plex sequences of operations that an engineer takes
in his stride may completely baffle a person without
technical training. In the second place, the engineer’s
technical training frequently predisposes him to use
jt in a different way than would a person less fa-
miliar with its construction principles.

Another common procedure for evaluating new
equipments in the past has consisted of turning the
new item over to a group of pilots, or to some other
group of consumers, and asking them for their opin-
ions, This procedure is open to many objections.
The pilots or consumers who are selected to test
the item are frequently exceptional, che cream of the
crop, and hence not qualified to judge the suitability
of the item for. average users, As a matter of fact, this
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use of very highly skilled pilots characterizes ex-
perimental flight test groups almost without exception.

Varying Criteria. Different evaluators may also
use entirely different criteria for their judgments.
Since the basis of their judgments may not be clearly
stated, the evaluators also commonly render opinions
on the basis of irrelevant considerations.

Resistance to Change. Finally, if a new system
or équipment involves procedures or operations
markedly different from those to which the evaluators
may have "been trained up to that time, they may give
the new arrangément an unfavorable rating simply be-
cause it is unfamiliar and they do not have enough
time to become thoroughly trained in the new pro-
cedure,

If & new, scientifically improved instrument panel

were to be turned over to a group of pilots for eval-.

uation, there would undoubtedly be many complaints
that pilots could not use the new arrangement,
even though careful tests might show it to be decidely
superior when tested with men who had been trained
on it. Much of the resistance to the adoption of new,
more efficient typewriter keyboards, as an illustra-
tion, arises from secretaries and typists who are
over-trained on present keyboards.

Of course the people who have to re-learn are
inconvenienced temporarily by the change and may
make more errors for a time. An ideal here is to dis-
cover improved designs that not only are better for
novices, but to which highly trained operators can
make the transition easily. This problem of relearn-
ing, however, is a factor that should be considered
apart from the basic efficiency of the layout.

In this connection, the Bell Telephone Labo-
ratories are studying the process by means of which
an individual can arrive at a stable opinion about a
new item of equipment, They find, for example, that
the initial reaction often is quite unstable, and that
it is necessary to shift back and forth between the
old and the new equipment several times before a
teliable judgment of the new can be made.

B. System Analyses and Evaluations
Are Experiments

System analyses and evaluations overcome ob-
jections such as those discussed in the preceding
section and substitute objectively verifiable results
for subjective opinions. The sysrems analyses and
evaluations we are concerned with are experiments in
the true sense of the word. They are, to be sure,
much more complicated than the traditional model of
an experiment which holds all factors constant except
one. System studies invariably involve the simultane-
ous manipulation of several independent variables,
but the manipulation is a deliberate, controlled ma-
nipulation. The simultaneous involvement of several

voriables means chat the analysis of the data must be
done with special scatistical techniques but the
techniques are avuilable for extracting meaningful
results from multivariate problems. (Ses, for example,
Brownley, 1947; Cochran and Cox, 1950; and Edwards,
1950).

Because system evaluations are experiments,
they require the same careful planning, and are sub-
ject to the same requirements, as any laboratory ex-
periment, Some of the special research methods
employed in system studies, and the desirable
qualifications for personnel who use these methods
are considered in the following sections.

Sampling

The validity of the results obtained in any ex-
periment is in a large measure determined by the
adequacy of the sampling used in the experiment.
All inferential statistics and tests of significance
are valid only if the sample meets certain strict
requirements. In human-engineering studies, two
important kinds of sampling have to be considered.
These we shall call population and situation sam-
pling. Psychologists and statisticians have been
generally aware of the former, but have often ignored
the latter.

Population Sampling. The primaty concem of the
experimenter with respect to population sampling is
to insure that the people, the subjects, used in the
evaluation of a piece of equipment or a system are
representative of the group that will ultimately use
it. The subjects should be properly trained, but not
overly trained. In some cases the experimenter may
want to use novices in order to find out how easily
they learn to usc a new item of equipment. Subjects
should be as intelligent as, but not more intelligent
then, the ultimate users of the equipment. Finally,
they should have roughly the same kinds of abilities
and capacities as the people who will use the equip-
ment, For example, if a certain radar in an air-traffic-
control center will be used by enlisted men who have
no more than a high school education, that radar
should not be evaluated by using college students as
experimental test operators.

It is beyond the scope of this report to discuss
sampling procedures in detail. Suffice it is to say
that statisticians have evolved several, and that the
treatment of experimental results is dependent in part
on the kind of sampling procedures used in an ex-
periment. (See Deming, 1950; McNemar, 1940; and
Yates, 1949).

Situation Sampling, Not only must equipmeut
evaluations adequately sample the ultimate con-
sumers of that equipment, they must also sample the
kinds of situations that the equipment may be ex-
pected to meet. This is what we mean by situation
sampling, The research must include the kinds of
situations that will occur in the real job. For ex-
ample, if we want to test the utility of an approach

=52~



lighting system for a pilot who does not know where
the runway is, then somehow or other we must get
pllots disoriented before we make the measurements
in our experimental flights.

The importance of situation sampling for systems
studies is perhaps 30 obvious as to require no further
comment. Nonetheless, it is frequently overlooked in
the planning of system evaluations,

Contrel

The essence of experimencation is control over
the variables under study and the situation in which
the human operator works.

Systems studies require that the experimenter
have aircraft where he wants them at any time; he
must know accurately and by independent means the
locations of those aircraft; he must be able, at will,
to use one, six or twenty aircraft, as he may need;
and finally he must be able to reproduce the same
sitation on different occasions.

These requirements often are difficult and ex-
pensive to meet in real life situations. For this
teason laboratories which have been concerned with
the evaluation of man-machine systems have often
turned to the use of complex simulators to acquit-
the independent control they need for experimental
purposes, It seems highly probable that the evalu-
ation of air-traffic-control systems will also have to
depend on simulacors.

Long-tange planning for research in this area
should include plans for the development of simulators
to be used in the evaluation of air-traffic-control
systems and equipment. Consideration should be
given to whether it is more economicaland productive,
to plan to use simulators, or to conduct research with
real aircrafe, real radars, etc. (See the discussion
on airport lighting, Chapter VI, Section A.)

C. Tests to Breakdown

An important feature of system studies - a
feature, incidentally, not shared by ordinary experi-
ments - should be the "test to breakdown’’, The test
to breakdown is essentially a series of problems,
continuously graded in difficulty, designed to measure
the information-handling capacity of a system. The
necessity for such tests is perhaps obvious. System
A may perform slightly bectter than system B as long
as the load on the system is relatively light, but with
heavy traffic loads and excessive stress system A
might break down completely whereas system B might
still be capable of handling some information.

- The breakdown is not necessarily a well-defined
point. Frequently there is a continuous curve between
the percentage of information handled by a system
and the amount of the load on it, but the slopes of

two curves for different systems might start at the
same point and diverge markedly as the load in-
creases, Or, two curves might start at different
levels at light loads, converge with moderate loads,
and the diverge in the opposite direction under heavy
loads. In ony event the test to breakdown gives the
design engineer important information which cannot
be obtained in any other way. It is an essential part
of human-engineering systems research.

D. Some General Considerations in
the Evaluation of Systems

System studies on military radar equipments
have been under way for several years in government
and university laboratories. Since many of these
systems are similar to those envisaged for future
air-traffic-control systems, it is instructive to know
about and anticipate some of the kinds of errors
which turn up in Combat Information Centers and
similar systems employing radar.

Man-VYersus-Machine Errors

One principle which seems to be university con-
firmed in systems studies is that there are many
sources of variability and error in all systems. Some
of these sources of variability clearly have a human
origin; others are patently machine errors. Many
engineers accept the inevitability of the human
sources of error, but they tend to underestimate the
prevalence and magnitude of machine errors. We do
not deny that many items of equipment can be con-
structed with extraordinary precision, but the pre-
cision which is claimed for complex equipments,
like radar, has seldom been attained in actual oper-
ational use. As an illustration, the actual effective
range of military radars when put into field or fleet
use frequendy is only 50 to 75 percent of the theo-
retical range,

Another point which needs to be made is that
human errors can very often be reduced by proper
design of equipment. For example, the research on
errors in reading altimeters, discussed in Chapter V,
has shown dramatic reductions in human errors with
changes in dial designs (see Grether, 1949).

Quantitative-Versus-Qualitative Errors

Qualitative or gross errors result when the wrong
kind of action is taken. Qualitative human errors
occur, for example, when an operator fails to notice
that two radar pips are on a collision course, or when
a controller mistakenly assigns two aircraft to the
same altitude. Complete failure of an item of equip-
ment would constitute a qualitative machine error.

Quantitative or precision errors are those errors
in which the right kind of decision is made, but the
amount of the response is incorrect by some amount,
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Quantitative human errors result when the radar
operator misreads the location of a pip on a radar
scope by some amount, or when a controller tells a
plane to vector to 245° instead of 2479, Quantitative
machine errors arise when a radial of 180° shown on
an omnidirectional range indicator is actually a radi-
al of 1769, or when there is a ‘‘bend”’ in the approach
course defined by a localizer beam.

The distinction between qualitative and quanti-
ative errors is important for the statistical treatment
of data.

Time Delays As Sources of Error

An especially important source of error in many
systems comes from time delays. Since radar and
air-traffic-control systems are ordinarily complex
assemblages of men and machines, the passage of
information through the system takes time. In present
air-traffic-control centers, for example, it is not at
all uncommon to find time delays as long as five
minutes from the time information is requested by a
pilot until instructions can be returned by the con-
troller. In radas-directed flight, the time delay of the
system starts with the appearance of a pip on the
scope; includes the time required for the radar oper-
ator to size up the situation, reach a decision, and
issue oral instructions; and ends when the pilot
starts to execute movements in response to the in-
structions.

The systems we are concerned with work with
rapidly moving targets, and the average speed of the
airceaft may be expected to increase substantially in
the future.

Time delays in systems introduce errors Le-
cause, when the information gets to its action station,
the information is old information--the aircraft has
moved. If time delays were constant in a system,
they could be corrected by suitable computers.
Unfortunately the time delays are not constant.
Further, the amount of the correction is not easy to
compute for any particular time delay, because the
error is a function of the speed, range, altitude, and
course of the aircraft.

Time errors can be coaverted into equivalent
errors in terms of feet of altitude, degrees of azimuth,
or miles of distance. Time errors become increasing-
ly important when air traffic conditions are changing
rapidly, or when we must make estimates of future
conditions. Needless to say, these time delay errors
are extremely important to the ground controller who
must try to prevent collisions.

The Combination of Errors in a System For o Single
Item of Information

For a single type of information, the ertors in
various elements of a system add algebraically when
suitably weighted. In a radar system, for example,
the final error in the position of an aircraft which

maneuvers in response to controlled instructions is
the algebraic sum of the amount of the calibration
error in the radar, the erroc made by the operator in
reading the radar scope, the error due to movement
of the aircraft during the delay in the system, the
error made by the controller in forwarding instructions
to the pilot, and the error due to the pilot’s inability
to correct the movements of the aircraft exactly as
requested.

Constant Versus Variable Errors

In the example cited above, some of the errors
in the system are relatively constant over long
periods of time; others may fluctuate merkedly from
moment to moment, For some purposes it is useful
to distinguish between constani and variable érrors.

Calibration errors in a radar, for example, are
constant over substantial periods of time. Parallax
errors in the way a radar operator reads a radar scope
may also introduce human constant errors. Errors in
interpolation in reading the location of a pip, on the
other hand, are variable etrors--they vary from moment
to moment,

Time delays are also variable errors in the
system because they ordinarily fluctuate greatly de-
pending on the problem faced by the confroller or
radar operator. Etrors introduced by improper center-
ing of the sweep line on a radar scope constitute
machine variable errors.

The Accumulation of Errors in a System

The coastant errors arising from components in
a system add algebeaically when all measurements
are expressed in a common metric. For example, if
there is a constant error of +400 yards due to the
fact that a radar operator reads to the nearest edge,
rather than the ceater, of a pip, and a constant time
error of -200 yards, the combination of the two gives
a constant error of +200 yards.

Variable errors add according to a more com-
plicated rule. If the errars of components of a system
are designated by o _, o, , @ _.. then the variable
error of the total system is represented by

Jz
o = \|jo 4

t a

2+ 2
o o
b c

This is true if the errors in the various components
are uncorrelated. If the errors are correlated, the
rule is still more complicated, for the sum of the
errors becomes

2 2 2 + + +
Ca)0r +0 +0 +....2r OO =2¢r OO =2r OO
t a b ¢ ab @ b ac a ¢ be b ¢

Where fab is the coefficient of correlation between a
and b,
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Since component errors are uncorrelated in many
systems, we shall discuss some of the implications
of oaly the simpler rule (the first formula above).
One important consequence of this kind of accumu-
lation of errors is that improvement in the more
accurate elements of s system results in only s
negligible reduction in the. total system error. For
example, if a machine component contributes a root-
mean-square error of 10 and the human component
contributes a root-mean-square error of 50, the
variable error of the two in combination is only $i.
If all the machine error could be eliminated, the total
error of the system would be reduced to that of the
human, that is, to 50.

In this case, then, making a perfect machine
would reduce the total error of the system by 2 per
cent. Now let us suppose that the design engineer
concentrates his efforts on the errér made by the
humaan in the system and succeeds in reducing it from
50 to 40. The total error of the man-machine com-
bination is now equal to \/ 103 + 402 or 41.2 Thus,
decreasing the human error by one-fifth results in a
teduction of the total system error by 19 per cent,
that is, from 51 to 41.2.

Another illustration of the same sort can be
stated with reference to a visual display. A cluttered
visual display might be capable of extreme accuracy
if the viewer of the display took a long time to study
it. An uncluttered display, however, might be more
advantageous if it reduced the interpretation time
substantially and so reduced the total system error,
even though the uncluctered display gave a slightly
greater quantitative reading error,

These illustrations are perhaps sufficient to
indicate the intricate nature of the error relations
involved in complicated man-machine systems and to
emphasize the necessity for analyzing for sources and
magnitudes of component errors in systems.

Which Error Is Important?

An important principle which has come out of
systems studies is that constant errors in a system
are usually much less important than variable errors.
The reason for this is easy to see. Once a constant
error has been identified and measured it is easy to
correct. Variability is the true indicator of instabili-
ty in o system.

Let us take a practical example. If radar oper-
ators always read the location of pips as 400 yards
short of their true position, a simple correction in the
electronic circuits or even in the dials would correct
for this ecror. The real difficulty arises from the fact
that radar operators will give a series of readings the
firse of which may be 100 yards short, the next 200
yards too great, the third 10 yards short, and so on.
It is these variable errors whiah are the difficult ones
to correct.

E. Research Methods in Systems Studies

The experimental methods used in systems
studies have been adopted with modifications from
the techniques of experimental psychology, time-
and-motion analysis, and spplied statistics. In a
sense it is correct to say thst there are no unique
methodologies peculiar to system studies, but rather
that existing methods have been modified to solve
particular problems.

New techniques for carrying out system studies
will undoubted'v be developed in the future, and the
exploration of new ways of solving systems evalu-
ations should be a part of long-range planning for
research in this area, We shall describe briefly some
of the kinds of approaches that have been used
successfully in system analyses and evaluations.
The list is by no means exhaustive, but it should
serve to illustrate some successful applications.
We include this special discussion of systems re-
search methods because we feel that the analysis of
man-machine systems must be put on a firm scientific
footing at the earliest possible date.

The Critical-Incident Technique

One successful method of detecting sources of
error in man-machine systems is to use the critical-
incident techanique. Dr. John C. Flanagan of the
American Institute for Research had a great deal to
do with the development of this technique while he
was head of the Air Force psychology program during
World War II. Persons experienced with particular
operations are asked to provide detailed factual
accounts of specific experiences relating to the oper-
ations of the system. The value of such accounts is
dependent on the accuracy of memory and the ability
to single out critical happenings. ‘

This technique was employed by Fitts and Jones
(1947, 1947a) in the studies referred to earlier on
"*pilot errors’’ in using instruments and controls. It
has been effectively used by Gordon (1949) in the
determination of the critical skills required of air
transport pilots, and in developing an objective flight
examination for the CAA Air Transport rating, It
h: 3 also been used by Nagay (1949a) as part of a job
ar \lysis of air route traffic controllers. Both of the
la er studies were conducted by the American Insti-
tute for Research under the sponsorship of the NRC
Committee on Aviation Psychology,

The use of the critical-incident cechnique is
limited to systems that have been in use for some
time. Also even when the greatest care is taken to
collect factual descriptions of actual events, selective
memory effects and personal bias cannot be antirely
eliminated. In general this technique is most valuable
as a preliminary step in systems research, and should
be followed up by further studies using supplemental’
methods,
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Job Anelysis and Operational Analysis

Many standard procedures such as job analysis
and operational analysis techniques, which have been
widely employed in industrial psychology for various
personnel studies, are often useful in systems studies.
For example, motion picture records of pilot behavior
have been subjected to analysis (see Channel, 1947).
Because these procedures are widely known it will
not be necessary to describe them here.

Systematic Opinion Surveys

Little can be said in favor of surveying opinions
if an alternative is available, Opinions may agree
with performance, or they may not. about all that
need be said here is that if one decides to survey
opinions he should at least do so systematically,
sampling extensively the people who are most likely
to have valid opinions, Fortunately there are a number
of refined techniques for polling opinions and it is
easy to secure expert advice in this area.

Analysis of Variance Techniques

Analysis of variance techniques have proven so
successful that they are now being widely adopted in
experimental psychology, in industry, and in systems
studies where the interactions of complex factors
must be assayed. The latter applications are still
sufficiently novel so that they merit some discussion,

Analyzing Total Error into Parts, Briefly, the
statistical procedure known as the analysis of
variance consists of partialing the total error vari-
ability in a set of data into error components attribut-
able to identifiable sources. Having partialed out
components of the total error, the experimenter can
then do two things. (1) He can apply tests of signifi-
cance to the various components to discover whether
they are so large that they could not have occurred by
chance. (2) Having identified the non-chance sources
of error, he car then go on to express true magnitudes
as percentages of the total error.

Importance of Experimental Design. An im-
portant point to stress about the analysis of variance
is that it will work only with carefully designed ex-
periments in which the important variables are counter-
balanced in specific ways and trials are run in certain
prescribed orders. Only by such careful planning can
the experimenter be sure that important effects can
be measured without contamination from unsuspected,
or irrelevant, sources of errot.

In general, multiple-variable, analysis-of-variance
experiments yield much more information per unit cost
(or trials) than conventional experiments. One way of
illustrating the power of this technique is to cite an
illustration of a systems-analysis experiment per-
formed on a simple radar system by psychologists at
The Johns Hopkins University. The experiment was
concerned with two radars, two target simulators,
and several radar operators. The experiment was

designed to determine the relative coatribution to the
total error variance of the radar system made by each
of the following seven possible sources of error:

1. Disagreement between two target simulotors of
the same - Ltruction.

Disagreement between two radar units of the
same type.

Disagreement between operators in their reports
for identical targets which appear on the same
PPIl's.

Disagreement of any one operator with his own
reports when he ranges on the some fargets ot
different times.

Disagreement in the performance of radars in
the morning as compared with the afterncon.
Disagreement in the performance of any one
radar.

Disagreement in the performance if the radarhas
been left in ‘‘standby’’ condition the preceding
night as compared with its performance if it was
turned off the preceding night.

2.
3.

4.

5.
é.
7.

Finding answers to these questions required an
unusually complicated experimental design in which
combinations of radars, target simulators, and oper-
ators were systematically varied in the morning and
afternoon for several days. For our purposes here, it
is important to note that these questions could be
simultaneously explored.

One of the most interesting results of this ex-
periment was that the largest source of error vari-
ability was shown to be due to whether cthe radar had
been left in ''standby’’ condition overnight preceding
the experiment. Another large source of error, greater
than the variability of an operator’s reports on identi-
cal targets on different occasions, was the variability
in the performance of the radar from day to day. Un-
less a carefully controlled experiment of this sort
had been done, it would have been easy to infer that
the day-to-day variability arose from the operators and
not from the radars, This was, in fact, the working
hypothesis the experimenters adopted before they did
the experiment.

Procedures for Studying the Most Efficient Arrange-
ments of Men and Machines

Recent work has shown that modified and re-
fined time-and-motion procedures can be applied
successfully to the study of complicated systems
such as the flow of information in combat information
centers, and the arrangement of instruments on instru-
ment panels. Although these techniques have most
generally been used for the re-arrangement of already
existing systems, they can also be used for first-
approximation layouts of systems still on the drawing
boards. The lacter, of course, should be the chief
goal of human-engineering forts. ’

Generally speaking, layout studies have involved
the following steps:
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1. An analysis of the function of the system,
usually by means of interviews and discussions
with supervisory personael, In the case of
systems still in the planning stage, the infor-
mation is obtained from design engineers or the
ultimate consumers of the system.

TRIHIMNI S

2. An analysis of the functions of each element in
the system. Here again the information is
obtained from interviews.

3. |dentification of various man-machine links
between elements of the system, and the esti-
mation of the importance, frequency of use, or
"*strengths’’ of the links between the com-
ponents., The links in the system may be any of
a variety of different ones: visual, auditory,
tactual, electrical, mechanical, and so on. This
information can be obtained by a variety of
techniques, the best of which involve obser- I
vation or recording of elements of the system navigation and traffic-control system we can give
during actual or simulated operation. Channel several illustrations of profitable topics for systems
(1947), for example, has used motion-picture research.
recording to analyze the activities of Navy pilots
in operating contiols in the cockpits of multi- Causes of Variation in Arrival Time ot Destination
engine aircraft. Fitts et al (1950) have used
similar techniques in studying the use of instru-
ments during landing approaches.

We have seen tha! it is highly desirable to predict
aircraft arrival times precisely. By properly planned
systems research, we can seek to determine the re--
4. When the links between components have been lative importance of various factors that contribute to

identified and their strengths measured, the next this variability., We might, for example, determine
step is one of arrangement of the components so first the variapce due to such obvious facrors as
that the distance of the link paths are inversely (a) variability in the humon pilot and his crew, (b) the
proportional to their strengths. Graphical weather and errors in predicting the weather, (c) errors
methods are now available to yield theoretically in aircraft instruments and navigational aids, (d)
ideal solutions (see Chapanivs, Garner and delays in the communication of information, and (e)
Morgan, 1949). traffic conditions. If we kaew the relative importance
of these five factors we would know a lot about what
priorities to give to different research and develop-
ment projects.

5. The theoretically ideal layout of any system
often has to be compromised because of spatial
limitations or other engineering requirements.

Frequently, modifications of the ideal layout
ca be best studied by manipulating small- &:l;“c:‘ AVcrlcﬂ:;: :: t:::d';\h Speed and F"'M Path
scale models in consultation with construction or 9 pproa 9

design engineers. If maximum runway utilization is to be achieved,
aircraft must make their approaches to a landing in a
uniform and predictable way, i.e. on a predictable
course with predictable speed and rate of descent.
Research is needed to determine why different air-
craft now vary so greatly in the way they m1ke their
final approach to a landing.

6. The final step consists of the evaluation of
alternate layouts according to such criteria as
indices of visibility, walking, talking, crowding,
and accessibility. The real test of the overall
efficiency of the layout comes, however, when
the speed and accuracy of the system are
measured in simulated or actual operating con- Properly designed systems research projects
ditions, Tests to breakdown are especially im- should give the answer, They should indicate the
portant here. relative importance of such factors as (a) different

types of aircrait, i.e. Convairs, Martin 202's, DC-6's,

Constellations, Stratocruisers, etc., (b) variation

F. ldentifying the Weak Links in the Present between different aircraft of the same type, i.e., two
Air-Navigation and Traffic-Control Systems Convairs of different ages, etc., (c) weather condi-
tions around the airport, (d) different airport layouts,

Although it is beyond the scope of this report to different runways, etc., (o) the operational procedures
consider all the specific systems studies that would prescribed by different airline companies, the military,
contribute to the development of an effective air- etc., (f) differences between pilots, (g) variability in
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the same pilet from day-te-day, (h) different procedures
followed by appreach end final controllers, and (i)
differences between ond within controllers. It should
be meationed here that ANDB has recognized the need
for answers to these problems and has coantracted with
the Fraoklin Institute to study the problem.

The difficult aspect in planning such an analysis
is not how to collect records on a large number of
approaches by different aircraft at different airports,
etc., but bow to ic:ntify the separate variances
attributable to each of the factors listed above, How-
ever, properly designed systems studies should make
it possible to do this. The problems of crew com-
pliment as affecting safety and efficiency have been
outlined by the Flight Safety Foundation (1948).

Important Sources of Error and Variability in Air-
Route Traffic Control Centers

Even though future traffic-control systems may
be quite different from present ones, there is much
that we can learn from careful and continued systems
research on present systems. For illustration, a
special study could be made of time delays in present
systen:s. Communication and decision-making could
be studied to determine the time required to receive,
process, and transmit information of various types
through various parts of the present system.

G. Personnel to Do
Human-Engineering Research

At this point we should like to say a few things.
about a most important question relating to human- -

engineering research: Who is qualified to conduct
humean-engineering experiments?

There are many university laboratories where
students are trained in experimental psychology.
Three or four laboratories are beginning to offer some
of the additicnal training necessary to prepare men
for human-engineering research. There is, unfortu-
nately, no place where students can be trained in the
methods of system analysis, nor are there, properly
speaking, people who can be called system analysts:
This report may seem to imply that most psychologists
are especially qualified to do human-engineering and
system research. This is not at all correct. Some
psychologists are competent in this area, but they
constitute an exceedingly small percentage of all the
psychologists in the country,

A better way of getting at this problem is to ask:
What qualifications should a human-engineering re-
searcher have? If he is to specialize in system re-
search he should have a thorough grounding in pure
and applied statistics, particularly in the newer de-
velopments in sampling techniques, the analysis of
variance, and design of experiments. If he is to do
laboratory research on displays, commuaication prob-
lems, etc,, he should have a thorough training in

experimental psychology and a board knowledge of
human sensory, perceptual, and other capacities, and
human learning ability.

He should be familiar with the facts and prin
ciples of engineering psychology. He should have a
good grounding in the physical sciences and familiar-
ity with the rudiments of the engineering specialties.
He must be able to communicate easily with engineers
and physicists. Finally, he must be a person with
bold imagination, a person who can transfer and adapt
techniques from other disciplines, modifying them,
to suit his needs, Such men are scarce. (See Kennedy

and Bussey, 1949).

On the whole, the average engineer is much less
adequately trained for human-engineering research
than is the average experimental psychologist. How-
ever, as we have mentioned elsewhere, the engineer
who is aware of the human aspects of engineering de-
sign, the applied mathematician, and men with wis-
dom gained through operational experience, all have
something to contribute to a systems research team.

H. Recommendations

Research Objective Vill. Uptimum Man-Machine Sys-
tems Engineering.

The term ‘‘systems’’ as used here includes the
entire assemblage of men and machines engaged
in air navigation and traffic control. The con-
tribution of human engineering to the efficient
overall design of this man-machine system should
include the. following:

a. Systems evaluation-comparison of the new and
the old.

b. Systems analysis- the identification of sources
of variability of errors.

c. Systems research-the discovery of principles
governing efficient man-machine combinations.

All three kinds of studies should receive major
emphasis. In achieving this research objective,
cooperative research participated in by men train-
ed in different scientific disciplines is usually
necessary.

Problem Area 1. Humon-Engineering Analysis of Ex-
isting Systems.
Systematic studies should be made of existing
air-navigation and traffic-control systems in order
to discover sources of variability, delay, and
error. These studies should have the following
objectives:

a. To provide facts needed in planning better sys-
tems for the future.

b. To solve some of the problems of present sys-
tems.
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Our study of present air traffic control procedures,
summarized in Appendix I, is an example of the
kind of work that is needed, although it is not
nearly as thorough a job as we should like to see.

Hlustrative research problem. There is need for
an analysis of the relative importance of dif-
ferent factors now causing variability in the es-
timated acrival time of aircraft, including factors
attributable to pilots, controllers, communication
lags, weather, and instrument ertors.

Problem Area 2. Human Engineering Research Studies,

Anclyses, and Evaluations of New System Com-.
ponents. Studies should be made of all new
systems, and of new component parts of systems,
at the earliest possible stage in their develop-
ment, so thot features that are desirable from a
psychological viewpoint can be embodied in the
final production item and undesirable features

eliminated. As for as possible these systems

studies should be planned jointly by research
teams, including pilots, controllers, engineers,
applied mathematicions, and engineering psychelo-
gists.

lllustrative research problem. Integrated studies
evaluating distance-measuring equipment should
be planned by a research team to determine how
well this new equipmentmeets the needs of ground
controllers and pilots and how well it functions
as part of a total navigation and traffic coatrol
system. Such studies would supplement those
conducted to determine the engineering and
electronic acceptability of the equipment.

Such man-machine systems studies require special

research facilities that are not now avzilable. It
will be necessary to manipulate entire systems
including human operators. The load on the
system, the communication and display of infor-
mation, and the tasks to be performed by the
various humans in the system must be under the
control of the experimenter, and must be subject
to exact repetition. Many of these elements must
be simulated,

Exploratory studies are needed to determine how
the equipment needs for research in this problam
area can be met, what kinds of facilities are
needed, and how an integrated approach to
systems research can best be accomplished.

lllustrative research project. A study should be
made to determine what the simulator requirements
are for humen-engineering research on air-navi-
gation and traffic-control systems. This study
might well include work on the criterion problem.
As another illustration, a research team including
scientists from several specialized fields, equip-
ment designers, and operating personnel should be
organized to study ways and means of providing
more efficient methods and techniques for carrying
out human-engineering systems research.

Problem Area 3. Human-Engineering Research on

Proposed Systems. Insofur as possible, scientific
studies should be made of proposed new systems
ond system components, in order to discover
basic principles of systems design, and to deter-
mine, before the characteristics of a new system
are frozen, what features should be embodied in
its design,
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CHAPTER IX
PUTTING HUMAN-ENGINEERING DATA TO USE

A. Closing the Gap Between
Research and Application

Two points should be emphasized in planning an
applied research program. The first point has been
implied throughout this report. It is that if we are
going to do research at all, then systematic or basic
research usually is more efficient than research that
tries to deal independently with many small specific
problems.

The second point is that once such systematic
research is completed, the work of the applied re-

search wocker is still not over. He is responsible for §

seeing that his findings are made awvailable to the
planning seaff and to the design engineer in a form
which they can ecasily apply to the problem at band.
Failure to do this leaves a serious gap in any applied
research program.

Woys of Making Research Findings Available to
Engineers

The human-engineering research worker can com-
municate information to engineers by means of written
reports or by face-to-face contacts. Each method has
its advantages and disadvantages. Which will be used
depends in part on the nature of the problem, and in
part, of course, on where the reseasch worker is
located, geographically, in relation to the engineer,

Special Reports. Special reports can deal with
separate experiments, with series of related experi-
ments, or with problem areas. It is obvious that
separate experiments must be published if the find-
ings are to be of permanent value. However, when an
engineer has to make a practical decision, he usually
does not have time -to search the experimental liter-
ature for an answer to his provlem. For this need
additional special reports are much more useful -
teports that review and summarize what is known in a
problem area. Comprehensive summaries of this nature
are those of Kappauf (1949) on legibility problems, of
Orlansky (1949) on aircraft controls, and of Chapanis
(1946) on the optical quality of windscreens, just to
cite three specific illustrations., Even more useful
than these reviews are Human-Engineering Handbooks.

Human-Engineering Handbooks. It has been recog-
nized for several years that the field of human-engi-
neering needs to summarize its basic information in
handbook form, in somewhat the same manner as has
been done, for example, in the 1ES Lighting Handbook
(Illuminating Engineering Society, 1947), or in hand-
books of chemistry and physics. The major effort in
this direction has been the work of Tufts College in
preparing a Handbook of Human Engineering Data for

......

Design Engineers (1950), supported by the Office of
Naval Research. We feel that this handbook should
meet part of the need of engineers working on air-
navigation and trafficecontrol equipment: However,
this and other present sources stop far short of pro-
viding a completely satisfactory summary. of what is
kaown about human capacities in relation to equip-
ment problems, and they can never be kepteatirely
up-to-dace on current research,

Special Consultants. Often it is esseantial that
engineering psychologists work personally with engi-
neers and plaoning groups. Personal association
provides a beneficial give and take of ideas regarding
problems and possible solutions,

One way of accomplishing this sort of joint effort
is through the use of special consultants. The ef-
fectiveness of a consultant depends largely on who
and what the consultant is*- on how conversant he is
with research findings, how well he can work with
others, and how well he understands and considers
the many different aspects of equipment-development
work.

One of the chief limitations of the use of special
consultants is that their services are intermittent.
They may not be around when they are most needed
and they may not be able to follow an item through
its full design and development,

Full-Time Consulting Psychologists. Another
way in which the gap between research and application
can be narrowed is through the use of engineering
psychologists who devote most or all of their time to
working closely with engineers on the development of
specific items of equipment and systems. Several
government laboratories such as the Aero Medical
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Laboratory, of the Air Force, the Naval Research Lab-
oratory, and the Navy Electronics Laboratory support
human-engineering staffs that devote part of their time
to such activities, Several university research organi-
zations and private consulting groups also have engi-
neering psychologists on their staffs who devote most
of their time to consulting work with engineets.

Who Should Apply Human-Engineering Data?

Agencies such as ANDB, and the groups within
the CAA and the Military services that are working on
air-navigation and traffic-control development programs,
can secure help in the application of psychological
data in any of the ways indicated above, i.e. by con-
tracting for special reports, by using special con-
sultants, by contracting with a consulting firm that
provides competent human-engineering service at an
applied level, or by turning for help to one of the
government laboratories that has psychologists on its
seaff.

In this connection it should be mentioned that the
persons doing basic research in a given problem area
may in some cases be the best persons to render con-
sulting serviceson problems in that area. Each research
contract will probably have to considet separately the
question of whether the contract will support basic
research and its publication only, ar will provide both
for research and for additional help in the application
of the research to practical problems.

B. Problems on Which Help Should be Sought
at a Non-Research Level

System Plonning

It is believed that the Air Navigacion Development
Board, and its associated agencies, should seek the
aid of human-engineering consultants and research
advisory groups such as the NRC Committee on Avi-
ation Psychology in connection with further broad
planning for an overall system, especially in regard
to such broad questions as what men should do and
what machines should do.

Specific Instrument-Design Problems

Consultation help is available on specific
questions regarding the best way to display certain
types of information, the best designs for legibility,
check-reading, quantitative reading, etc. The direct
assistance of experts in particular problem areas will
in most cases prove highly beneficial to the design
engineer.

Evaluation Projects

We have already recommended that statisticians
and engineering psychologists participate in systems
evaluation projects, especiilly in planning such
projects. While it undoubtedly will be desirable to

have one or more such persons associated continuously
with evaluation projects, the use of additional con-
sultants, especially at¢ the planning stage, may often
prove highly beneficial. A lot of research know-how,
as.well as know-how about specific design and plan-
ning problems, can be made available through the wise
use of consultants and research advisory groups.

C. Recommendations

In this section we have pointed out that it is
important to plan not only for research, but also for
putting research findings to use, We have also in-
dicated some of the steps that can be taken to insure
better utilization of existing information about human-
engineering methods and problems. We recommend
the following research objective to cover the important
area of application:

Research Objective IX. Maximum Application of
Existing Human-Engineering Information.

The final step in an applied research program is
the application of research findings to practical
problems. In fact, this is both the justification
for the research, and the test of its worth.

The first question that should be asked in planning
research on an applied problem is whedher there
are any existing data that will answer the
question. It is our belief that there are now
many areas of engineering design where existing
data are not being applied, and where valid
answers to critical questions do already exist.

The second question that should be asked is
whether a problem calls for research, or for con-
sultation by experts. Several considerations
enter here. It obviously is not feasible, however
desirable it may be, to settle all design questions
by recourse to research. Time and cost prevent
this. Most design questions involve a weighing
of many different engineering, human, and
economic factors. Thus single research studies
seldom provide a complete answer to complex
practical problems. The aims, therefore, should
be the following:

a. To anticipate the most general and most
important question and fo support re-
search on these questions.

b. To settle the more specific and the less
important questions, or those questions
that require an immediate decision, by
using the best scientific information and
advice already available.

Through the continued support of long-range re-
search over a period of years more and more im-
mediate practical problems can be settled on a
" factual, scientific basis; but in the meantime the
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best possible use should be made of the existing
information. .

Problem Area 1. Utilizing Human-Engineering Deate in
Systems Planning. Extensive use should be made

of human-engineering dato, and of consultants
who have expert knowledge of the date dvailable
in the vorious areas of psychology, in overall
systems planning.

Illustrative project. The help of experts in
human-engineering and in personnel and industrial
psychology should be sought in making decisions
about how best to utilize human abilities in an
air-navigation and traffic-control system, i.e.
decisions about what men should do and what
machines should do.

Problem Area 2. Utilizing Human-Engineering Dota in

Designing Specific ltems of Equipment. Emphasis
shovld be given to writing equipment specificetions
so that human-engineering requirements are met.
Relevant dato about human performances should
be applied throughout the various stages in the
design ond development of new equipment. One
of the best ways to insure that this is done is for
engineering psychologists to work closely- and
continuously with design engineers. In a few
instances this is new being done, but the practice
sheuld be greatly increased

lllustrative projects. Agencies that undertake to
develop new flight instruments should insure that

they have the assistance of aviation psycholo-
gists who have studied pilot display problems.
Similarly, agencies that undertake to develop new
radar equipment for air taffic control should
arrange for continuing help from engineering
psychologists who have studied radar display
problems,

Problem Area 3. Providing Human-Engineering Haond-

books, Engineers Guides, ond Summary Reports
on Special Problems. Existing information on
topics of importance for the development of air-
navigation and traffic-control equipment should be
summarized in handbooks and special reports. In
some cases the preporation of such summaries
should be specified as part of the work to be done
under a research contract; In other cases, this
work should be included as part of o survey of
problems in a given area or made the subject of
o separate confract.

The Navy, through its contract with Tufts College
for a Human-Engineering Handbook, has been
supporting work in this problem area for several
years. However, this Handbook alone does not
cover all of the needs for human engineering data
in the air eraffic coatrol field.

lllustrative project. There is a need for a techni-
cal guide to the methods of systems research.
Such a guide might be developed, for example, by
taking Chapter VIII of this report, greatly ampli-
fying it, and publishing it as a special report.
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APPENDIX |
THE PRESENT SYSTEM OF AIR-TRAFFIC
CONTROL

This appendix has been prepared for the use of
persons who are not familiar with how traffic-control
works today. Most of the necessary information for it
was collected incidentally in our survey of ten air
route teaffic control centers and airport control towers
described in Appendix II, Details agree with those in
an “‘Operational Description of the Present Air-
Traffic-Control System', published by the Civil
Aeronautics Administration, Washington, D. C., April,
1948.

A. Fu_ncﬁons of Air Route Traffic Controllers

The major human elements in the present traffic-
control system are (1) the pilot, (2) the tower ground
controller, (3) the tower local controller, (4) the tower
approach controller, and (5) the individual sector
controllers in the ARTC center. These elements are
shown in fig, I-1. The administrative superstructure
w this system can be disregarded for the present

puspose,

The functions and responsibilities of various
human beings in the present teaffic-control system
overlap and it is perhaps inevitable thac the actions
of two operators sometimes conflict. For example, a
local controller in an airport tower may plan to
expedite takcoffs by directing the pilots.in a pair of
departing aircraft to wun in opposite directions after
taking off, thereby reducing the permissible minimum
separation of the two aircraft. The approach controller
may, however, have planned to direct an inbound air-
craft to one of the quadrants involved in this operation
and may therefore require a modification of the plans
of the focal controller,

The duties and respoansibilities of each of the five
people involved in a typical traffic-control sequence
are outlined as follows:

The Pilot. The pilot is responsible for the
safety of his plane and its human cargo. Penalties
such as personal destruction, financial liabilities,
and vocational difficulties result from unsafe oper-
ation. The civil pilot is bound by Part 60 of the Civil
Air Regulations to conduct his flight in a manner
which is not only safe, but which cannot be construed
by anyone else as unsafe, Military pilots are bound
by somewhat different military regulations, The
responsibilities which are invested in the pilot by
such regulations are the source of a good deal of
conflict in authority.

The Ground Controller in an Airport Control
Tower. One of the three kinds of authority exercised
in an airport control tower is control over the ground

operation of aircrafc. This includes the movement of
aircraft around and on the parking iamp and on the
taxiways and runways not in use. It does not include
the tumnoff of a landing aircraft to a taviway, or the
movement of a departing aircraft onto the active run-
way for takeoff. The ground controller is responsible
for the safety, guidance, and expdditious flow of taxi-
way aircraft, ’

The Local Traffic Controller in the Airport Con-
trol Tower. The local controller is responsible for the
safe separation and expeditious flow of all takeoff and
landing traffic and all airborne aircraft within a radius
of 3 miles from the airport. His authority at the pre-
sent time is primarily advisory because of the re-
sponsibility for safety in the terminal area that is
vested in the pilot. The directions issued by the local
controller may be, but only occasionally are, rejected
by pilots. In this case, the controller issues amended
instructions.

The Approach Controller in the Airport Control
Towar. The approach controller is responsible for the
safe separation and expeditious flow of arriving traffic
at the terminal. This control is exercised only when
the arriving aircraft is operating under an Instrument
Flight Regulations (/FR) plan, Such flight plans clear
the aircraft to some fix (sometimes as far as 20 miles
from the terminal), at which point the pilot must con-
tact the approach controller and proceed under new
directions. Holding and stacking procedures and the
control of the aircraft’s entry into the landing system
are the responsibility of this controller. Control of an
arriving aircraft passes from the approach to the local
coatroller when that aircraft is close enough to become
sn important unit in the local traffic situation.

Individual Sector Controllers in an ARTC Ccnter.
ARTC controllers are responsible for the safe separa-
tion and expeditious flow of en-route air-craft from the
time when these aircraft have reached the first assign-
ed en-route altitude after takeoff until they reach the
approach control fix at the terminal airport. Individual
sector controllers monitor and coatrol the path of &
flight through their own sectors and coordinate this
flight path with the paths of all other potentially con-
flicting flights in their own and adjacent sectors,
Control is based on an cstimate of what the traffic
situation will be at specific fixes 15 minutes in the
future, and is continually projected ahead by use of
the relayed position reports of aircraft as they pass
over these fixes.

l. This appendix was prepared by Bryce O. Hartman,

—63-



‘mmy

iy "" Wi, et
HEBIH;-- qF

——— e
!




ARTC personnel are conscious of the overlap be-
tween their own authority and the authoeity and re-
sponsibility of pilots. For this reason, ARTC clear-
ances are sometimes started with "ARTC advises...’".

Assisting Agents. In addition to the different indi-
viduals listed above, there are assisting agents in the
system. Persons located in Interstate Airways Com-
munications Service (INSAC) stacions relay messages
between pilots, ARTC center personnel, and towers.
This communication function is performed in addition
to their other communications duties, INSAC stations
also operate a Flight Assistance Service, which is an
information and flight-plan filing center at terminals.

The Weather Bureau provides weather information
through its Flight Advisory Weather Service (FAWS)
located in ARTC centers. A FAWS meteorologist briefs
both pilots and ARTC center personnel on weather con-
ditions. This service is performed in addition to his
duties in compiling, analyzing, and relaying weather
data through INSAC facilities. Airline company dis-
patchers and communicators expedite and assist con-
trollers and pilots.

B. Typical Operational Sequences

In figure 1-2 are shown the major units that to-
gether make up the air route traffic control system.
Six agencies can relay requests and instructions from
a pilot to the ARTC ceater and back to the pilot. The
itinerant pilot may file a flight plan through the Flight
Assistance Service of INSAC, through an airport con-
trol tower, by telephoning the center directly, or by
going to the center in person. Airline company pilots
may use these facilities, but more usually they com-
municate through the company dispatchers. Milicary
pilots use military facilities where they are available,
but also have access to all the civil facilities, Any
pilot in the air may communicate withthe ARTC center
through the INSAC radio stations along the air ways.

The Proposed Flight Plan, The initial step in a
controlled flight occurs when the pilot files a proposed
flight plan with any of the six agencies listed in the
preceding paragraph. This proposed plan is relayed by
telephone to an Air Route Traffic Control Center. Here
it is copied down by the assistant controller who is
working the airlane sector throush which the aircraft
will initially fly. The proposed plan is then placed in
the ‘‘suspense’’ file where it may remain for as long
as. an hour or more before some action is required
on it,

Request for Clearance. Having decided to depart
on his flight the pilot again contacts the ARTC center
through one of these six agencies and requests clear-
ance which he has already filed. The proposed plan is
then removed from the ''Suspense’’ file and is con-
sidered by the controller for the appropriate sector.
This controller coordinates the flight path with all the
other existing flight paths in his and other sectors

within the center. If another center is involved, the
coatroller, or his senior coatroller, contacts the other
center. This other center then coordinates the pro-
posed flight with all the flights under its control.

From a succession of such actions, a flight plan
clearance is developed. If the traffic picture relative
to the proposed flight is fairly simple, the clearance
will be completed for the entire flight. If the traffic
picture is complex, the clearance may be granted only
for an initial part of the route, and the pilot directed
to contact the center when he reaches a certain fix for
the remainder of the clearance.

The controller then calls the agency that relayed
the request and gives it clearance. This agent (usually
a tower controller) then relays the clearance to the
pilot, who accepts or rejects it, If the pilot rejects or
questions part of the clearance, the relay channel is
reactivated until a clearance acceptable to both the
pilot and the center is issued.

The controller now codes this clearance onto a
flight progress strip and places it on the Flight Pro-
gress Board in the column appropriate for the first re-
porting fix specified in the clearance.

Takeoff. Under the direction of the tower control-
ler the pilot now taxis out, takes off, and climbs on a
specified heading and at a specified speed to the init-
ial altitude specified in the clearance. The tower
notifies the center by telephone of the actual takeoff
time, and the center controller corrects the flight pro-
gress scrip that represents this flight.

Position Reports. At each radio-fix specified in
the clearance, the pilot contacts the nearest INSAC
communications station and reports his position and
time over the fix. The INSAC station relays this in
formation by telephone to the center, where the con-
troller enters it on the flight progress strip and moves
the strip to the next fix column on the Flight Progress
Board. As the aircraft approaches an adjacent sector
in the area, the strip for that flight is passed to the
controller for that sector.

Entering New Control Areas. When the aircraft
reaches the boundary of the area handled by a given
ARTC center, the center contacts the adjacent center
by telephone and turns control of the aircraft over o
that center, This system of en-route reporting,. revising
of information, and passing along of control from one
ground controller to another continues until the time
the aircraft reaches the approach control fix at the
terminal airport. Revisions of the clearance and ex-
change of information are made through INSAC facil-
ities and compaay radios.

Approach and Landing. At the approach control
fix, the pilot contacts the approach controller in the
terminal airport tower by radio. Under the direction of
the approach controller he flies his airplane to the
point where he can make a landing. During the final
stage of the landing he is under the direction of the
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local controller. As he taxis to the ramp and parks he
is under the direction of the local ground controller.

Termination of Flight, The time of touchdown on
the landing is relayed by the tower to the center where
the controller who last had the flight progress strip for
this flight closes the flight clearance and removes the
strip from the board. The tower at the point of origin
also receives the touchdown time by telephone and
removes the flight progress serip from its active board,

The procedure outlined here is undergoing re-
vision as a result of the installation of direct center-
to-pilot radio facilities. Much of the relaying of infor-

mation that is now required will be eliminated by this

change. These direct radio facilities, however, are
being installed only at terminal areas and some relay
of information will be necessary on the en-route por-
tions of the flight.

In figure 1-3 is shown a block-diagram of the step-
by-step sequence of communications made, and action
taken from the time a pilot initiates a flight plan re-
quest until he arrives ac his destination. This figure
shows what happens when the requesting pilot is an
itinerant pilot. Slight variations in the sequence will
occur according to the classification of the pilot,
but an idea of the complexity of the system of relaying
and communicating of flight plans and flight da.a is
represented by the diagram.
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APPENDIX i

A SURVEY OF THE OPINIONS OF SIXTY AIR TRAFFIC CONTROLLERS
AND TOWER CONTROLLERS
REGARDING PRESENT AND FUTURE TRAFFIC-CONTROL SYSTEMS

A. Purpose of the Survey

A group of people who are well-informed about
ptesent problems of traffic-control are the men who
are now working in Air Route Traffic Control (ARTC)
Centers and Airport Control Towers. Although these
men work with today’s traffic and today’s equipment,
their experierice with present problems should provide
a valuable springboard for a look into the future.

At our second meeting in June 1950, we agreed
that a survey should be made of the opinions of traffic
controllers. We all felt that such a survey was needed
to guide our thinking about traffic-control problems.
Accordingly most of the members of the working group
visited one or more traffic control centers and inter-
viewed a few controllers. In addition, a systematic
survey was made of centers in eleven cities in the
eastern half of the United States and standard inter-
views were conducted with senior personnel at these
centers. The present section is limited to the findings
of this systematic survey.

The primary purpose of the survey was to i'entify
bottlenecks in the present air-traffic control system a_
seen by the people actually handling traffic. A s2cond-
aty purpose was to determine what new types of equip-
ment these men felt would be of greatest help in their
work.

B. Procedure

The ARTC centers visited are shown in Table 1.
These centers were chosen to represent a wide range
of traffic problems. Cleveland, for example, has a
heavy loadof civil over-traffic which neither originates
not terminates in its area. New York, Boston, and
New Orleans all work with transoceanic traffic, but
each of these centers has its own peculiar problems.
Atlanta has terrain complications. Cincinnati has
‘extensive military over-traffic,

The persons interviewed were either chief con-
trollers or senior controllers(watch supervisors), They
were interviewed individually, All were asked the
the following three standard questions in a relatively
free interview situation.

1. What are the ‘‘bottlenecks’’ and what is slowing
you up in the present air traffic control system?

2. What kinds of equipment, either equipment you
have heard about or gadgets that have not yet

been designed, would you like to have for use in
an air traffic control center? (The term ‘‘control
tower” was used when interviewing tower con-
trollers.)

3. What operations or things done by the controllers
whom you supervise could be done as well or
better by machines or pieces of equipment?

Yable |

Places Visited and Number of Persons Interviewed in the
Survey of Air Route Traffic Control Centers and Airport
Control Towers.

Number of Interviews

Rlace Center Tower
Atlanta, Ga. b] 2
Boston, Mass. 2 0
Chicago, Ill. 3 3
Cincinnati, Ohio b] 2
Cleveland, Ohio 3 2
Ft. Worth, Texas 4 3
Houston, Texas 0* 3
New Orleans, La. 3 3
New York, N. Y. 3 2
San Antonio, Texas 4 3
Washington, D. C. 3 2
Total 33 25

*Houston had no ARTC center.

C. Resuits

The responses given by Air Route Traffic Control
personnel to the three questions are summarized in
Tables 11, I1I, and 1V. The responses of Control Tower
personnel are summarized in Tables V and VI,

The bottleneck mentioned most often by ARTC
personnel was communications. Only one person out of
35 failed to talk about communication problems in re-
sponse to the nondirective questions asked by the
interviewer.

Bryce O. Hartman conducted the survey and wrote this
appendix,
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These men who are now ditecting traffic feel that
the difficulty of transferring information from one person
to another is the greatest limitation of the present
system, Controllers say that delays of 4 minutes in
contacting other centers are common, and delays as
high as 12 minutes are frequent where relaying
agencies, such as an airline office, are involved.
Controllers agree that at those times when the present
traffic control system reaches saturation, communi-
cation usually is the first function to break down.

Controllers believe that the shortcomings of
presc . navigational facilities and procedures center
around three problems. The first problem is to deter-
mine the locations of en-route aircraft with the accura-
cy that is required for control of traffic under minimum
separations. The second problem is to obtain enough
flight-path information and to acquire sufficient
authority adequately to control ‘‘direct’’ and high-
altitude flights, The third problem is to establish by-
pass facilities for better separation of en-route and
terminating traffic at large terminals,

Chief Controllers expressed concern about two
extremely important problems arising out of present
operating procedures in ARTC centers. Controllers
and their assistants sit opposite each other at the
flight progress boards, As a result, the assistant
receives very little on-the-job training. Two chiefs
stated that they have no assistants ready to assume
controller duties, even though they have some men who
have been working at the assistant’s job for over two
years, Chief controllers fear that critical personnel
shortages will occur because Of this inability to train
men on the job. In addition, all the chiefs agreed that
the new flight progress boards do not allow efficient
use of the assistant.

Because of their physical separation, the assistant
cannot aid the controller when the latter becomes over-
loﬂdedo

Controllers agree that the excessive am unt of
coordination of information that is now required within
the center and betweeu the center and outside agen-
cies, is another important bottleneck in the present
system. At present, a controller wears a headset and
can dial any other controller in his own center. How-
ever, the interphone equipment is seldom used for this
purpose. More frequently, controllers and senior con-
trollers walk about and talk directly to other con-
trollers. For example, a controller who is preparing a
clearance for a flight chat will pass through another
sector in the area needs to know what altitude layers
are available, He usually will walk over to the con-
troller for the other sector and ask him for an altitude
that is available for the speed and direction of the

1. In ¢his kind of interview one is often more inter-
ested in what the person chooses to talk about
than what specific things he says,

flight involved. If the proposed flight path crosses
several sectors, this person-to-person coordination is
repeated several times. If the controller is very busy,
the senior controller may do some of this walking and
talking for him. If both are busy, the coordination may
be accomplished by shouting to other sector controllers.
As the traffic load on the center increases, face-toe
face coordination increases, and use of the interphone
decreases. However, the interphone and longline
telephone system is used for coordination with all
agencies outside the center (airline offices, other
centers, towers, etc.). The delays that result from the
communication bottleneck complicate this phase of
coordination. It should be mentioned here that most
controllers think that the amount of coordination now
necessary is excessive. They point out that there now
exists a certain amount of duplication which increases
the load on the communication system and contributes
to that bottleneck.

The most frequently mentioned request for equip-
ment from ARTC controllers was for radio facilities
that would help to solve the communication problem
(see Table lll). At present most centers have no direct
radio iink with pilots. Some people strongly favor a
radio network that will permit direct communication
with aircraft anywhere in their area. Radio facilicies
for the terminal area only are now being installed and
used at some centers, These facilities for direct
communication are now used primarily for an ex:ension
of approach-control functions, i.e. for the entry of air-
craft into the terminal area. This equipment also
permits some exchange of traffic-control information
with over-traffic., The limited range of the radio
facilities now being installed prohibits any further use.

Most controllers who expressed a need for further
navigational aids felt that the Omnidirectional Range
and Distance Measuring Equipment would be of great
value, They also suggested that an extended dis-
cussion of additional navigational aids is pointless
until they find out how effectively VOR and DME will
work, Most controllers showed the same cautious
attitude regarding traffic displays derived from radar.
They want an opportunity to use radar loager before
expressing specific opinions. Their suggestions
about automatic flight progress boards were tempered
by uncertainty about the technical feasibility of such
devices. Mechanical interlock systems® were mention-
ed commonly. This may be because such systems are
now installed in some centers.

Airport control tower chiefs and watch supervisors
are less critical than ARTC personnel regarding the
operation of the present system, They feel that there
are some serious problems in radio communication (see
table V) centering around congestion of the frequencies.
They report that inadequate airport design is compli-
cating their operation. One controller said that all the
airpor:s in which he had ever worked were build without
regard for the future development of aviation. Lack of
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TABLE 1l

Summary of ‘'Bottlenecks’ Cited by Air Route Traffic Controllers
(N = 35 Interviews)

Persons Mentioning the ltem

*‘Bottleneck’’ Cited
Number Percent
1, Excessive communication lags « « o e s s e o evocnessssssssssedbisiissocrsnnesdd?
Delays in relaying information 32 92
Errors in relaying information 3 9

2. Inadequate navigation facilities and
Pmcduns........“...l.......l....‘...l... 30..."..“.‘..".86

Insufficient aumber of fixes 16 46
Insufficient altitude layers 8 23
Insufficient by-pass facilities at

terminals 8 23

Insufficient coatrol over and information
.on "‘direct flights”’ 6
Insufficient control over and information
on high-altitude flights 6 17
Lost-aircraft procedures 4 11
Conflict between traffic of adjacent
terminals ‘ 4 11

3. Pn‘w'm'wsof“n”romm'iMOOQl.....‘.Dl.."0.00026l0000000000‘0000074
Excessive aumber of manual operations

17

in using boards 13 37
Insufficient flexibility in use of

personnel 12 34
Insufficient opportunity for training

personcel 12 34
Fatigue of personnel ' 10 29
Insufficient staff for peak loads 9 ' 26
Excessive number of activities per

controller 9 26
Excessive posting and calculating 8 23
Inadequate weathet information 5 14
Controllers become mechanical 4 11
Insufficignt authority 2 6

4, Ex“"i”infom‘mc”d‘na'imooccnoccooootooccoc.oo22¢..uouoooooucooa63
Delays in intercenter coordination 16 46
Delays in intracenter coordination 8 23
Excessive routine information 5 14
Excessive duplication of information 2 6
5- P.rsmdmbl.m’ .ll..l...l....o'..ltll.lt.ll.tO,Dlll...t.....i...losl

Poor public relation with pilots and

with other agencies 8 23
Excessive administrative duties 4 11
Early disability requiring semi-

retirement 3 9
Insufficiently defined legal

authority 2 6

60 Ex“‘siv.’.”m'imminimums 0oolcooococoo.ooac.o.1001201100000010'00003‘

7. Wide range of aircraft performance
(.”ed“dn(eofcumb)ccooaoono-oooooconooloo00.10.-.0-..0-0.00---28

8. Insufficient military coordination and .
Vdricﬁoainmi“foryoquimnf................-..-.....7................20
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TABLE 1l

Summary of Equipment Desired by Air Route Traffic Controllers
(N = 35 Interviews)

Equipments Desired Persons Mentioning the Item
Number Percent

1. Additional radio communication

facili'ies ® ¢ 8 & & o & 2 s 0 8 0 8 4 8 & B 8 8 6 4 5 UV 8 N 8 & % 4 6 6 B P e ® s 2 s @ 28 ® 8 & 5 5 2 6 % 0 B s B0 8 0 .80
Direct center-to-aircraft channel 26 74
Remoted to area 10 29
Pushbutton messages ‘ 4 11

2. NGVigOﬁOﬂGidS..--.-.--..c.o...........-o...noo.oZ‘o.n....-....-...a69

VHF Omnidirectional Range 11 31
Distance Measwring Equipment 11 31
Surveillance radar 11 31
Off-set course computer 4 11
More holding fixes 4 11
ADF facilities 3 9
Airborne radar 2 6
Airborne emergency signals 1 3

3' Tm”icco"'mldisploys..“...‘l'l.l.’....‘...l.l...zz....‘.‘.....‘..l.63
Radar-type displays 12 34

Remoted into area 3 9
Identification of aircraft 3 9
Alticude information on scope 2 6
Daylight screen 2 6
Automatic ‘failure signal 2 6
Computers 6 17
Weather display and automatic poster 4 11
Three-dimensional traffic display 3 9
Map and terrain displays 1 3

40 AU'OmaﬁC”igh'Pfognssboafds 00.0'0.l.'l0.....0.0“.22."...!0.'l.l..l063

Automatic posting of flight data 16 46
Automatic position reports from aircraft 8 23
Airport Time Utilization Equipment : 3 9
Automatic issuance of clearances ) 3 9
Automatic duplication of flight progress

strips 2 6
Automatic failure signal 2 6

5. Land lines communication .« .. .ccevoevevrsneroessssvee2ecesssssssasessssdd

Mechanical interlock (altitude) 17 49
Misc, changes in interphone systems 13 37
Conference features on long lines 4 11
Teleautograph 1 3
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dual runways, inadequate taxiways, and insufficient
parking space are the airport deficiencies mentioned
most often. Controllers actively engaged in approach
control are concerned about navigation facilities which
eithe: expedite or restrict the flow of aircraft into and
through the primary holdifig stack.

Tower controllers report that a majorhuman bottle-
neck in present traffic-control is the nnfamiliarity of
itinerant pilots with procedures at a specific airport.
The controllers suggest that this is partly due to the
time necessary for 1n itinerant pilot to orient himself
once he lands on the runway.

According to tower controllers, the information
coordination problem is bothersome but not severe.
One of the criticisms they often express is directed
against the delays encountered while trying to tele-

phone the Air Route Traffic Control Center in instru-
ment weather.

Tower coatrollers, in discussing the equipment
they want (see table VI) are primarily interested in
equipment that will expedite the flow of taffic through
approach control and onto the runway. The navigation
and communication equipments they want and the
improvements in airport design they request all point
-toward this goal,

The responses of tower personnel to question
three (human operations that might better be done by
machines) did not justify tabulation. Almost half the
group interviewed stated that there was no operation
in the tower that fitted this category. Of the remainder,
five (20%) suggested push-button messages to aircraft
and (20%) suggested automatic posting of flight pro-
gress strips.

Table IV

Summary of Opinions of Air Route Traffic Controllers
Regarding Human Operations that Should Be Done by Machines
(N = 35 interviews)

Persons Mentioning this Item

Number Percent

1. Posting flight information , . « v v o v oot et sasocasnsans 18 52
2, Calculatingand estimating . . .« o ocvvevesrstvsnnsnncsns 16 46
3. Coordinating information (mechanical interlock « . . . ¢ 00 ..

and teleautograph) . . o ..t ar ettt ettt a0 10 29
4. Position reporting and recording. « « s v s v ottt b e b a 8 23
S. Duplicating flight progress strips . . v v e s s v e v e v e s s a o 7 20
6. Issuing standard inscructions to aircraft. « o s o v s v s v e e v r e 6 17
7. Recording information to be used in the future. ... .. ..., 6 17
8. Relaying data (instantaneously) . .« v . vevevevvvovnncass 4 11
9. Posting weather information. « . s o v e s oo v s s o svo v v eans 3 9
10. Visualizing flightpaths + ... oo vetevrsovvaccsssose 3 9
11, Recordingthe time . ..o oo o s vevosccesoscosossoeron 2 5
12. Giving a pilot the traffic picture. . . ..o v v evi st vensnnn 2 6
13, Counting flight progress StripS. + e « v s v v st evvsooesones 1 3
14. Warningof collisions + v e v v cvevvvv vt onsreoveesons 1 3
1S, Detecting errors « e v oo e vesevssverssssssasosoesans 1 3

Responses to Question 3 are summarized in Table IV, which is self-explanatory. Controllers
fele that some routine operations could be handled by machines, but that planning and decision-

making operations could not be mechanized.

*The present mechanical interlock system is an altitude reservation system between towers
and centers. A panel of lights simultaneously duplicated and operated at both places indicates
the availability or nonavailability of altitudes in the primary stack for approach control.
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TABLE V

Summary of ‘‘Bottlenecks’’ cited by Airport Tower Controllers
(N = 25 interviews)

‘‘Bottleneck’’ Cited . Persons Mentioning the ltem

Number . Percent

1. Inadequate radio facilities « v « v v oo v v vt rsasonnrtos o200 eusrrensneass 80

Congestion of frequencies 15 60
Excessive phraseology 6 24
Lack of channel to remote GCA 3 12
Simplex of channels for two-way flow 2 8
Poor intelligibility 2 8
2, Inadequate Girport design v e v ie o s es s ettt nsarsrissedld it esnaansd?6
Inadequate taxi-ways ' 12 48
Inadequate single runways 12 48
Insufficient parking space S 20
Inadequate field lighting ] 20
Inadequate tower visibility b 20
Excessive vehicular traffic on airport 1 4
3. Inadequate navigation facilities and procedures . .. ... vii it 07 i ena . 68
Delays due to approach and ILS procedure 8 32
Exce:sive separation minimums p] 20
Insufficient number of holding fixes 5 20
Inadequate control of short flights ) 4 16
Conflict between outbound and
inbound flight 4 16
Breakdown of ARTC functioning 3 12
Single point focus of range stations 3 12
Conflict between over-traffic and
terminal waffic . 3 12
Inadequate equipment maintenance 2 8
4, Excessive coordination of information .. ... ccovevsnosnnnssslT ienannnesoanes 68
Excessive delays in relaying information 8 32
Excessive coordination with ARTC centers 7 28
Inadequate weather reporting ] 20
Inadequate interphone system 4 16
Insufficient coordination with military 3 12
Excessive duplication of information 1 4
S. Variability in aircraft performance . « « v+ o c v oo evnnsssnerensedlBoiiannssonsaes b4
Unfamiliarity of pilot with terminal
procedures 13 52
Variability in equipment 4 16
Inaccuracy of pilot performance 3 12
Variability in airspeeds 2 8
G. Personnel problems ......000v0vvnsonnassronsrncscacesdliiiiinensons M4
Understaffed 6 24
Lengthy training 5 20
Excessive regulation of procedures 3 12
Insufficient authority 2 8
Unnecessarily strict physical examinations 2 8



TABLE VI

Summary of Equipments Desired by Airport. Tower Controllers
(N = 2Sinterviews)

Equipment Desired Persons Mentioning the ltem

Number Percent

l. Navigdfionaldids.o........-...-..-...........-.....21-..............84

Surveillance and approach radar 20 80
VOR and DME 8 32
All-runway Instrument Landing System 6 24
Taxi-control radar 5 20
Airborne traffic displays 4 16
Direction-finding equipment 3 12
Airborne automatic ILS approach etiuipment 2 8
Visibility-measuring devices on approach lane 2 8
2. Communication @ids . ..., veevsernorsnarennceonnssaeddBiiiiiiiniineasd?2
More radio frequencies . 8 32
Teleautograph for weather information 8 32
Altitude interlock with centers 7 28
VHF equipment 6 24
Automatic aiccraft position reports 5 20
Improved microphones 2 8
Interphone headsets 2 8
Direct phone lines between towers 1 4
3. Airport design improvements . . v v s v st o et ersrcercaseseesdBiiieiiieeiiennaT2
Dual runways 8 32
Improved tower design 6 24
Improved airport lighting 5 20
Improved taxiway lighting 5 20
Improved tower lighting 3 12
Improved approach lighting 2 8
More aircraft parking space "1 4
4, Terminal procedure improvements. . . « .o ovovvovencasnonros Tounnonnenennss 28
Extend approach control authority 3 12
Standardize airport regulations 3 12
Restrict variety of airport operations 3 12
Standardize airline procedures 1 4
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APPENDIX (il

THE CRITERION PROBLEM"

In the development or modification of any oper-
ational system, technique, or instrumeat, thete is some
specific goal to be achieved. We state at the outset
that we want to achieve a particular kind or level of
performance, often an improvement over the per-
formance of some existing system, technique, or
instrument. Very often, however, this goal is elusive
when we attempt to specify exactly how we are going
to know when it has been achieved. This makes the
problem of evaluation of the new developmeant difficult,

In some cases our goal is so general that we
cannot easily quantify our approach to it. In other
instances we may not have a real opportunity to
measure directly against our final goal until it is too
late for the direct measurements to be useful in
designing the total system, e.g., when our goal is
the absence of mid-air collisions. In any event, we
are always foced with the need for a careful speci-
fication of the ultimate goal or final criterion, for this
largely determines the programining of research on the
intermediate problems of the system.

The model or models (final criteria), against
which we compare the new development or modification
may take one or more of several forms including the
following:

a, A theoretical ideal level or kind of per-
formance.

b. A list of desired performance character-
istics, determinad on the basis of careful
study of the intended system,

A series of planned operational tasks (with
predetermined critical levels of performance
on a number of relevant variables).

[

The problem of establishing the general model ¢
goal to be used in the research is the essence of what
is known as the criterion problem. It is at the heart
of a large poction of the problems discussed in this
report, The criterion problem, therefore, is one of
unique and general concern in the planning and
focussing of any research program that deals with
the performance of man-machine systems. The present
appendix is written as a general summary discussion,
The detailed analysis of the criterion problem will be
possible only as separate research projects become
established.

A. Manifold Nature of the Criterion Problem

As implied in the introduction there are many

levels of criteria, and they can be applied at many
levels of research, We shall distinguish here between
two rather distinct phases of this problem and identify
these s the model! phase aud the prediction phase.

The model phase is directly concerned with the
formulation of the goal which we are attempting to
ateain, This goal or final model gives the theoretical
specification of the complete system, the separated
details of which are determined by lower level
criterion considerations.

The predication phase of the criterion problem
has to do with the specifying of important variables
that can be measured individually and that predict
final adequacy of the system. Throughout work on
both of these phases one must be prepared to deal
with a multiplicity of relatively independent criteria.
Each one of these (speed, avoidance of gross errots,
accidents, etc.) may serve some purpose as a separate
objective and as a measurement against which we may
compare various proficiency feawres of the system,
The relative importance of these separate measures
often requires research.

The Model Phase

When certain specific goals are to be reached
and a syste: is being developed to attain these goals,
the requirements of the system must be rigorously
specified s» as to assure that the final operational
objectives will be met. The relative weight or im-
portance to be attached to various compeaents of the
systein should be derived from a careful analysis of
these objectives as well as from the relation of the
proficiency and interactions of the components to the
objectives. The common contrary procedure of simply
ordering a system out of a group of available entities
and small systems merely because they are available,
gives no assurance that their combination will offer
the best possible or most practical system for attaining
the goal,

The model phase of the criterion problem is one
that is too often taken for granted. It is actually the
beginning point of any program of research and de-
velopment on operating systems, The problem is
solved by certain classical methods in engineering
fields, but is made more complex in systems where

1. This appendix was prepared by Dr. T. G. Andrews
at the suggestion of the NRC Committee on Avia-
tion Psychology.
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the variables of human behavior have been added.
The model phase of the criterion problem requires a
systematic analysis of the goal and thc model to
assure that we are solving the right problem and that
we are not operating with false problems. In other
words, the actual formulation of the central problem
of the research effort should be determined by proper
criterion analysis in the model phase,

One central point of the present report is that the
general model viewed up to now as the one to be
effected in air-trafficecontrol systems is not to be
taken as final but must be thought of as open to radical
changes in terms of ways of attaining the intended.
system goals, once the underlying goals have been
specified from a long-range point of view. This re-
quirement is formulated in Research Objective VIII,
Chapter VIIL

It may be assumed, as a point of departure, that
one major aspect of the final criterion represents
safety. To point up why the ‘‘criterion problem' is
a problem, however, we may cite but a few of the
difficulties which might be met in preparing to use
a safety criterion,

One would be the difficulty of conceptualizing
the real meaning of the criterion and its ‘place in the
system. Another difficulty would be the establishment
of measurable variables that are critically relevant to
safety. A third would have to do with the many
practical problems of obtaining access to the necessary
information, such as information 2 bout pilot and
controller behavior in critical situations, in instances
where administrative policies may not allow equal
availability of all items of information or where no
adequate records are available, '

The Prediction Phase

The prediction phase of the criterion problem is
faced when we are developing, modifying, or testing
limited portions of the system being constructed,
whether these parts be men, machines, or man-machine
relations. Each portion cannot be rigorously tested
in the complete system and so must be evaluated in
terms of certain “‘intermediate’’ perfonnance measures
which have proved to be, or are guessed to be, vari-
ables in the goal or ideal model. Thus intermediate
criteria developed for the evaluation of any segment
of a system, such as a communication system, will
reflect the function which that segment performs in
the total air-navigation and traffic-control problem,

There are several levels of intermediate criteria
which are predictive of final criteria, These progress
from basic laboratory experiments, to simulators,
field tests, and operational studies, Within this
hierarchy, it is imperative that relations be established
between the various levels, including the final model,
Of special importance are the particular problems of
objectives, design, and uses of simulators, for it
must always be recognized that simulator daca are

intermediate or transicional in chacacter and are not
themselves the final gou.:.

In the present report many analyses in terms of
intermediate criteria are presented, including analyses
of problems relating to the roles of men and machines,
links in communication systems and: their relative
efficiency, visual displays, and problems of direct
vision. In each case, the search has been for limiting
aspects of human, machine, or environmental con-
ditions that may influence directly or indirectly the
amount of error or damage predicuable in the system,
These functions then are predictive of damage or
inefficiency. The attainment of stability within the
tolerance limits of each function represents a pre-
dictive criterion. That is, we infer that when these
proximate or intermediate criteria are attained we
also attain one of the major final criteria, safety.

B. Measurement and Functional Relations in
" the Criterion Problem.

As indicated above, the criterion problem is
essentially a problem of validation of procedure and
equipment against some goal, purpose, or set of aims
for the system. Solution of the problem, especially
the predictive phase, involves testing hypotheses
regarding the functional relations between certain
man-machine aspects and aspects of the goal, in this
case safety and efficiency.

The study of these relations obviously requires
experimentation. This work in human engineering
necessitates a search for proximate criteria (pre-
dictands) and predictor variables. These variables on
each side of the implied prediction equation should
be cardinally measurable and must be chosen and
weighted in such' a way as to minimize the errors of
prediction.

This search for variables in human engineering
research has led to the accumulation of considerable
systematic information regarding certain important
families of variables to apply to new problems as they
arise. Nevertheless, each new problem raises new
questions about its own peculiar tolerance limits on
the many human-engineering variables previously
studied.

This change of tolerance limits is especially
true as new systems produce different patterns of
coupling men and machines, and as aew requirements
for speed and accuracy develop in increasingly complex
tasks. For example, the requirements for speed of
object detection and recognition on the part of the
submarine night lookout are in some respects similar
and in other respects quite different from those of the
pilot of an ulera high-speed aircraft.

Each predictor and predictand variable, whether
a direct "job sample’ or a derived variable in the
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experimental laboratory, must have a high degree of
reliability, This characteristic implies regularity of
behavior from one time of messurement to the next.
Regularity or reliability is usually quite sacisfactory
for time measurements, but inthe case of error analyses
the demsands of reliability may be such that very
extended research is necessary in order to get enough
data on which to base a reliable conclusion.

Proximate and intermediate criteria and good
predictor variables are especially necessary whenever
coanflicts arise in the model between engineering
requirements and human limitations. An example of
this situation was presented in Chapter VI in con-
pection with the optical qualities of windows in
streamlined aircraft. Such conflicts are to be attacked
by criterion research and a process of objective
optimizing, that is, by a comparison of consequences
of various compromise designs in terms of the final
aims specified in the model. Here, especially, exact
data on tolerance limits are required zo that the prob-
Iem can be analyzed properly. In such cases, critical
levels must be modified from ideal levels to practical
levels, but the possible variation can only be deter-
mined by carefully designed research and by specific
attention to the criterion problem.

In making analyses of prediction of error, studies
have indicated that variability is an important indicator
to be used as a proximate criterion of negative value.
This determination is discussed in detail in Chapter
VIII. It is obvious that variability, as a negative
criterion, should have tolerance limits determined for
many operations and many man-machine units.,
Variability is a peculiar variable to use as a predictor
or predictand because of certain machematical charac-
teristics of its scale. Therefore, new measures of
variability may be required for its appropriate use in
certain criterion analyses in human engineering prob-
lems,

There are several stock methods of criterion
formulation that have survived as useful parts of any
program of research and development, Among these
stock methods are the following:

Rational analysis, which has to do mainly with
the final model uud the logical considerations of its
reformulation for testing and evaluation of components,
The rational apalysis technique is usually the point
of departure for programming research studies thar will
produce satisfactory final as well as intermediate
criteria. These analyses frequently produce variables
or possibly measurable aspects of a system that have
what is called ‘'face validicy'’. The complete rational
analysis is at its best when it is performed mathemati-
cally, but this is not a restriction,

Job analysis and job specification are techniques

usually applied to a system for which the model is
alteady determined. In this case the problem is one
mainly of selecting the operator for a particular task
or linkage in a system once the exact nature of the
task or linkage requirements are specified. The term
operator is used here to mean man or machine or man-
machine unit. Job analysis is mentioned in Chapter
VIll. Also, a form of job analysis is implied in the
problems of optimal division of responsibilitybetween
men and machines discussed in Chaprer IIl.

The critical incident technique is a variant of
the job analysis method. This technique is also
described in Chapter VIII. It applies far more broadly
than to personnel problems, where it has received most
attention to date.

The development of predictors is a stage in cri-
terion analysis that follows the selection of
measureable criteria at various levels, the latter being
thought of as the ‘‘development of predictands’’. The
first search is for several measurable aspects of the
ideal model or of intermediate models that themselves
will predict the final model. Given these measurable
aspects, the next problem is to determine the most
discriminating measures of proficiency of the various
components that will predict these various criteria,
when these measures are expressed singly or as a
composite. Among the discriminating predicrors of
negative type are the various errors in the components
of a system, It is obvious that certain types of com-
ponent errors are more important than others. This
fact is the same as saying that they have differential
predictive value. However, the latter expression of
relative value implies research and empirical deter-
mination.

Regression anclyses are needed as tests of the
adequacy of the development of predictors and pre-
dictands in the criterion. These analyses are rigorous
statistical tests of the tolerance limits available for
any given combination of proficiency variables or
indices of merit and any pattern or composite of
criterion variables, Such tests are useful in developing
or choosing the various indices, and they indicate the
overall adequacy of the system at any stage of its
modification. The statistical methods most frequently
used in such testing are multiple regression,
parametric analysis of functional relations, discrimi-
nant fuanction, multiple factor analysis, analysis of
covariance, and canonical correlation.

Even though many research tools are available
from previous studies, considerable research effort
is neededin the developmént of new and more efficient
experimental and statistical methods for critical
evaluations at various criteria levels in human engi-
neering.
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GLOSSARY

ABILITY= the preseat level of performence of an
individual as determined by his past
training and development (see aptitude,
capability, capacity).

ABSOLUTE SENSORY THRESHOLD- the least
amount of a specified kind of energy which
can be detected by a particular receptor
or sense organ (as the minimum visible
amount of radiant energy).

ANALYSIS OF VARIANCE- a statistical procedure
whereby the total variability within a set
of data may be divided into components
attributable to identifiable sources, e.g.
to differences between operating methods,
forms of encoding information, etc.

APTITUDE- an individual’s ability to acquire some
particular skill with training (see ability,
capabiiity, capacity),

CAPABILITY~ the upper limit of an individual’s
ability at a given time assuming that he
hasreceived optimum training (see ability,
aptitude, capacity).

CAPACITY= the full potentiality of an individual in
performing a given task, as developed by
training and limited only by his native
constitution (see ability, aptitude, caopa-
bility).

CENTRAL PROCESS~ brain or central nervous sys-
tem ac*ivity, as distinguished from sensory
activity which is referred to as peripheral.

CHANNEL -~ a communications path, typically a sense
otgan or sensory modality as used in this
report.

CHECK READING- inspecting one or more instru-

ments for the purpose of detecting
deviations from a null or normal condition,

COMMUNICATION THEORY- a mathematical de-
scription of message formulation and
reception (see information, message,
redundancy).

“CONSTANT'' ERRORS~ deviations from the desired
pecformance which remain relatively
constant for long periods of time (as
calibration errors), Constant errors repre-
sent a bias in the performance of a man,
machine, or system (see also variable
errors).

CONTROL~ a device (knob, lever, pedal, etc.) ma-
nipulated by an operator,

CRITERION~ a standard or basis for )udgment; in
particular, a score or measure used as
the basis for saying that one system (or
individual, or device) is better than
another.

INFORMATION- the

DISPLAY~ a device or method for presenting infor-
mation to a receptor. Each form of display
provides a different way of encoding
messages,

ENCODING OF INFORMATION- putting information
in a specific form for transmission or
presentation.

EXPERIMENTAL DESIGN- the planning of experi-
ments, but more specifically planning the
conduct of experiments in the light of
particular statistical methods which will
be used to analyze the resules.

HUMAN ENGINEERING- a brauch of applied psy-
chology which aims to determine human
capacities, to provide principles governing
the design of machines for efficient
human use, and to insure an effective
integration of men and machines for the
accomplishment of an over-all task.

ignorance-reducing character-
istics of a signal or stimulus, The amount
of information carried by a stimulus
depends on the number of alternative
signals which might have been transmitted -
at that time. To the extent that successive
messages are redundant, the actual infor-
mation of each is less than its potential
information.

JOB ANALYSIS~ the study of jobs with particular
reference to the specific tasks and com-
ponent operations which are being
performed.

LEGIBILITY- that charac:cristic of a visual dis-
play, often but not necessarily, printed or
written material, which determines the
speed and accuracy with which it may be
read.

LINK ANALYSIS- the swudy of successively-used
displays and/oc controls, and of operating
connections between all men and machines
in a system, for purposes of achieving a
system layout which will keep key links
as short as possible.

MASKING~ the partial or complete obscuring of one
auditory signal or message by the simul-
tancous presentation of another auditory
signal or message.

MESSAGE- one or more signals or stimuli, which
may or may not carry information.

NOISE- audible noise, but also more generally a
disturbance or perturbation of a message
which produces random variations or
“clutter’’ in the display.
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NORM- a standard representative value for a group
or type; in statistical notation the mean,
median, or modal score for subjects taking
a given test or working ac a given task.

OPERATIONS ANALYSIS— the analysis of routine
tecords on day-to-day operations - as
records of completed flights under varying
weather conditions.

PERCEPTION- awareness of relations; integration
of experience. The peiception of spatial
or temporal relations and the perception
of rates of change are ospecially im-
portant for the use of many displays.

PERTURBATION- disturbance superimposed on or
added to the information needed by the
recipient of a message. The greater the
perturbation, the less is the probability
that the course of action chosen will be
the desired one.

PICTORIAL DISPLAYS— any display which makes
use of the same continuum as that on
which the information itself is scaled,
and presents, it without distortion of
critical relations (e.g. represents length
by length, angle by angle, etc.)

TRACKING- a tracking task in which
movement of the operator’s control is
associated with a direct displacement or
movement of the tracking reticle, cross-
line, or indicator. Contrasted with rate
tracking,

PURSUIT REACTION- a task that involves keeping
one thing lined up with another. May
require following or compensatory move-
ments,

QUALITATIVE READING- consulting an instrument
to determine the direction of departure
from a null or noemal condition.

QUANTITATIVE READING- consulting an instrument
in order to obtain the numerical value of
the indication.

RATE TRACKING~ a tracking task in which move-
ment of the opetatnr’s control regulates
the rate of movement of the tracking
reticle, cross-line or indicator,

REDUNDANCY - reduction in the information carried
by successive signals or messages due to
inter-signal or inter-mcssage dependen-
cies: as, for example, in an exactrepetition
of a message (see information).

POSITION

RELIABILITY~ repeatability or consistency; a
measure of the likelihood of getting the
same results if an experiment or obser-
vation is repeated.

SAMPLING- working withrelatively few observations,

people, or situations in an experiment
designed to predict what will happen in
the general case. Representative sampling
of the intended operator group and the
intended sicuational applications are

required,

SENSITIVITY= of displays: a measure of the ce-
sponsiveness of a display based on
the relation of the amount of change
produced in the display by a given change
in the condition or situation displayed.

= of sense organ: a measure of the
function of a sense organ which varies
inversely with the least energy or energy
changes which can be detecte (see
threshold).

SIMULATOR- a device which faithfully reproduces
one or more portions of an operational
task, The mbst important question fori the
design and use of simulators is that of
how faithfully and completely the oper-
ationa! task must be simulsted if the
device is to be valid (see validity).

STATUS INFORMATION- information which does not
change rapidly, which remains relatively
fixed and up-to-date for long periods
(contrasted with transient information),

STORAGE (OF INFORMATION)-~ memory. This term
is used here in place of memory to keep
the present discussion consistent with
the vocabulary of communication theory.

SYMBOLIC DISPLAY- a display that portrays infor-
mation in terms of intermediate or
transformed scales.

SYSTEM~ an entire assemblage of men and machines.

SYSTEM ANALYSIS~ the discovery and identification
of sources of error or variability in a
system, the measurement of these errors,
and the arrangement of man-machine
elements to improve system performance.

SYSTEM EVALUATION- testing or comparing differ-

ent systems.

SYSTEM REQUIREMENTS- what a piece of equip-
ment must do, or what an operator must
know or do in order that the system
functions properly,

SYSTEM RESEARCH- programs directed toward
discovering general principles applicable
to the design and development of new
systems,

THRESHOLD- of o runway: the beginning of the
ruaway; the line of demarcation between
approachway and runway,

- of o sense organ: the least amount of
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energy or energy change which can be measures; as the validity of a simulator -
detected. the simulator being valid only if perform-

TRACKING~ a pursuit task wherein a reticle, cross- ;:c: on c:h:t :‘:‘ :x‘l:;o:’ hi:h !i::i:uel:te:‘:
line, or indicator is kept lined up (as

adequately as possible) with a moving VARIABLE ERRORS- deviations from average or
pip or target. standard performance of a man, machine,

TRANSIENT INFORMATION- information which may or system due to random factors which
change rapidly and for which the operator '“e.m each observation sepn.ntely.
requires a display capable of showing Variable errors produce lack of precision,

moment-to-moment changes (contrasted VISIBILITY~ meteorological: the distance along a

with status information, _ horizontal path at which an indefinitely
VALIDITY= agree .ent between performance scores ‘li:‘;ﬁ&;':d dark object can just be =ca by

on some test or device and the perform-

ance which this test or device reputedly = physiological: detectability or sensi-

tivity for visual scimuli.
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